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Abstract
Scalable universal quantum computers require classical control hardware, physically close to the quan-
tum devices at cryogenic temperatures. Such classical controllers need digital memory for various ap-
plications, ranging from high-speed queues to high-speed and low-speed lookup tables and working
memory. The power consumption of thememories should be within the available cooling power at these
temperatures. To obtain the best memory design with the lowest power consumption, cryogenic-CMOS
characteristics need to be taken into account during design. This thesis aims to develop a model that
can be used to find the optimal memory cell design for each application, while taking area, latency, error
rate, and power constraints into account. A model is developed to estimate the error rate and power
consumption of a memory core for four cell designs, namely three embedded dynamic cell designs
and one static cell design, over a range of applications in terms of memory operation frequency and
read/write operation ratio. The model is constructed using room temperature and 233K simulation data
of individual cells and peripherals from a TSMC 40nm technology. To estimate the error rate and power
consumption at 4.2K, the model is extended with empirical cryogenic-CMOS characteristics, such as
an increase in threshold voltage and a steeper subthreshold slope, since good device models at this
temperature are not available. To verify and improve the memory model, a test chip in TSMC 40nm
technology is designed, which includes eight fully-custom memories with two threshold-variations of
each of the four cell designs to mitigate the cryogenic-CMOS threshold voltage increase. These mem-
ories are connected to an on-chip programmable microcontroller through a bus which enables flexible
and high-speed testing without the need for high-speed I/O. This chip design is taped out and will be
measured to verify and refine the model. At room temperature, the static cell design outperforms the
dynamic cells in all memory applications with less than 107 operations per second. However, at cryo-
genic temperatures, the embedded dynamic cell designs become feasible for applications with more
than 300 operations per second, due to the significantly reduced refresh rate. The best embedded dy-
namic cell design depends on the read/write memory operation ratio required by the application. After
verification and improvement of the memory model based on the measurement results from the test
chip, this model can be used to find the best cell design for a given application based on its operation
frequency and read/write operation ratio. Apart from comparing the performance of a single memory
design at room temperature and 4.2K, this work also allows for direct comparison between the different
memory cells designs, designed with the same technology, architecture, peripherals, and by the same
design rules. Since only a single architecture is used with a single design for each of the peripherals,
further optimisation is required for a cryogenic-optimised full memory design.
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1
Introduction

In this chapter, the motivation for this thesis work is explained. This is followed by the objective of this
thesis. Finally, the outline of the thesis is presented.

1.1. Motivation
Quantum computers can theoretically outperform classical computers for certain problems by using
superposition, entanglement, and interference of quantum states [1], [2]. The quantum states are
encoded in qubits, which are implemented using quantum-mechanical systems such as, for example,
single electron spins [3], [4] or superconducting transmons [5], [6]. Operations on these quantum states
are executed by classical electronics that generate varying electric and magnetic fields through voltage
and current pulses. The shapes, timing, and magnitudes of the pulses are determined by a classical
controller running a quantum algorithm.

The classical controller that schedules and executes the operations on the quantum states requires
digital memory to store programs, readout results, and waveforms of the pulses that are required to
execute the quantum operations. Additionally, memory is required to hold quantum operations to align
the timing of the operations, keep track of classical data and control flow, and interface with a host
computer in a heterogeneous computing system. In order to build a scalable quantum computer, the
classical electronics should be integrated close to the qubits [7], [8]. Since most qubit implementations
currently still need to be cooled to millikelvin (mK) temperatures to limit the amount of thermal noise
[9], [10], the current operational temperature of the classical electronics is proposed to be around 4.2K.
This increases the available cooling power in fridges and allows for testing using liquid helium. This
requires the digital memories to also operate at these cryogenic temperatures. Eventually, the classical
electronics and the qubits are envisioned to be integrated together at an intermediate temperature.

At 4.2K, the available cooling power is still limited. This requires the memory power consumption to
be minimised while meeting all other application constraints such as the maximum area, latency, and
error rate. Due to a lack of device models that are valid at 4.2K, a memory model can be used to predict
performance based on room temperature simulation results combined with empirical cryogenic-CMOS
characteristics.

At cryogenic temperatures, transistor leakage decreases significantly [11]. Dynamic memories may
provide high-density and low-power storage opportunities that can not be matched by static memories,
due to the increased retention time of charge on the storage capacitance [12]–[15].

1.2. Thesis objective
In this work, amodel is developed to investigate the trade-offs associated with the selection of amemory
cell design at both room temperature and cryogenic temperatures. The target application of this work is
various memory applications in a classical controller for quantum computing, but the results could also
be useful for memory designs in spaceflight, cryogenic experiments, and high performance computing.
Since memory design is an extremely broad topic, this thesis is limited to the selection of the memory
cell type by comparing four cell designs: three embedded dynamic cell designs, where data is stored
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2 1. Introduction

in the form of charge on a capacitance, and one static cell design, where data is stored in a bi-stable
circuit.

Previous work on cryogenic memories mainly focused on the characterisation and comparison of
single memory designs at various temperatures, from room temperature down to 4.2K. Due to varia-
tions in memory designs and the used technologies, results of various works can not be quantitatively
compared with each other. This work aims to compare various cell designs directly by keeping the
technology and architecture as similar as possible with the goal of finding the best memory cell design
for cryogenic memory applications.

The model, based on simulations of individual memory components in a TSMC 40nm process at
room temperature and 233K, is developed for selection of the best memory cell design for a given
application. The ’best’ design is based on a combination of area, latency, error rate, and power con-
sumption constraints. Due to the limited cooling power available at these low temperatures, a low
power consumption will be the main target. This model helps to find the best cell design without having
to simulate entire memory designs and includes cryogenic-CMOS characteristics without the need for
complete device models.

To verify the model, a test chip is designed in TSMC 40nm with eight fully-custom memory designs
using the various cell designs. Two variations of every cell design are implemented using different
threshold voltage devices to mitigate the increase of threshold voltage at cryogenic temperatures. The
memories can be measured at both room temperature and 4.2K using an on-chip programmable mi-
crocontroller, and the results can be used to verify and refine the model.

1.3. Outline
This thesis will start with necessary background on digital CMOS memories and cell designs, quantum
computing and the associated digital memory applications, and cryogenic CMOS and cryogenic digital
memories in chapter 2. This is followed by a modelling effort to investigate the trade-off between
different memory designs at cryogenic temperatures in chapter 3. In chapter 4, the design of the actual
memories for tape-out are explained. Chapter 5 covers the design of the testing architecture up to the
complete top level IC design and describes the test plan. Finally, the thesis is concluded in chapter 6,
together with an overview of suggested future work.



2
Background

In this thesis, the trade-off between different digital CMOS memory cell designs for applications in
quantum computing is investigated. This chapter will cover the necessary background information
required to understand the following chapters. First, an overview of digital CMOS memories is given,
starting with a general overview of how such amemory works, followed by amore detailed description of
the operation of several memory cell designs. Next, the quantum computing application will be covered
with the necessity for digital memories and some of thememory requirements. Finally, cryogenic CMOS
is covered with the changes to the technology at low temperatures and an overview of the literature on
cryogenic memories.

2.1. Digital CMOS memories
Before going into the memory applications and the effects of cryogenic temperatures on memories,
the general architecture of digital CMOS memories and the cell designs of interest are shown. The
purpose of a memory is to store digital information using a write operation and being able to retrieve it
after an arbitrary amount of time using a read operation. Of course, it is important that the data does
not change between the write and read operation.

The structure of this section is as follows. First, the components of a general memory architecture
are shown and it is explained how they operate together to form a functioning memory. This is followed
by an overview of five memory cell designs that will be used throughout the remainder of this thesis
with specifics about their operation.

2.1.1. Memory architecture
A basic memory architecture is shown in fig. 2.1. A two-dimensional array of cells is shown which is
connected to several peripherals. Horizontally neighbouring cells (a row or word) share a wordline
(WL), while vertically neighbouring cells (a column) share a bitline (BL). The wordlines can be seen as
the control path, used to select a row of interest based on the address which is decoded by the row
decoder. The bitlines can be seen as the data path, used to move data from the data input to the cells
using the bitline drivers or from the cells to the data output using the sense amplifiers.

The memory has three modes of operation: hold, write, and read. In the hold mode, no row is
selected and all cells hold the data in their internal state. In the write mode, a single wordline is driven
by the row decoder and all bitlines are driven by the bitline drivers based on the input data. The cells
in the selected row copy this data to their internal state, overwriting the previous state. In the read
mode, again a single wordline is driven by the row decoder. However, now the selected cells develop
a voltage on the bitlines based on their internal state. The sense amplifiers use the bitline voltage to
determine the internal state of the selected cells, by comparing it with another bitline or a reference
voltage, and present this data to the output.

A more detailed view of a memory architecture is shown in fig. 2.2. The timing-and -coordination
block is split into a read control and write control block, and the sense amplifiers and bitline drivers
are also separated. Additionally, the output of the sense amplifiers is fed back into the write drivers.
Dynamic cells, which store data in the form of charge on a floating node, slowly lose their data due to
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4 2. Background

Row
decoder

Sense amplifiers (read)
Bitline drivers (write)

Wordlines

Bitlines

Cell

Address input

Data input/output

Timing and
coordination

Triggers

Figure 2.1: Basic memory architecture with a 4 × 4 cell array.

leakage and therefore require to be refreshed. This means that the cell is read and rewritten before the
data is lost, refreshing the charge stored on the floating node. The direct connection from the sense
amplifiers to the bitline drivers allows for refreshing without needing external hardware to ensure the
data feedback. Finally, the sense amplifiers are followed by set of latches. They are used to isolate the
sensitive sense amplifier circuits from the output of the memory and ensure that the data output always
presents valid read data.

2.1.2. Memory cell designs
In this section, the schematics and operational details of four dynamic cell designs and one static cell
design are explained.

1T1C dynamic cell
The 1T1C cell design is the most used dynamic memory cell due to its high integration density. It
consists of a single pass transistor (1T) for access to a capacitor (1C) on which charge is stored, as
shown in the schematic shown in fig. 2.3. With the use of special processes, such as trench capacitors,
the capacitor can be implemented vertically with a capacitance in the order of 20 fF to 50 fF [16], [17],
which results in tiny cells that can hold large amounts of charge.

Due to the special processes used, this cell design is rarely embedded in logic designs. Without
these processes, a large cell area is required to get sufficient storage capacitance. It is therefore not
considered as a viable cell design in the remainder of this thesis.

2T NW-PR dynamic cell
The first gain cell to cover is the dynamic 2T NW-PR memory cell. The cell name describes its
schematic, which is shown in fig. 2.4, since it consists of two transistors (2T), uses an NMOS tran-
sistor for write operations (NW), and a PMOS transistor for read operation (PR). It is called a gain cell,
because the gain of the readout PMOS is used to convert the storage-node voltage into a readout
current. The main difference with the memory architecture described in the previous section, is the
use of two wordlines (RWL/WWL) and two bitlines (RBL/WBL) per cell, one set for a write operation
(W prefix) and one set for a read operation (R prefix). The general memory architecture still holds, but
two row decoders are used, one for each set of wordlines (RWL and WWL), the sense amplifiers are
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Figure 2.2: General memory architecture with a 32 × 32 cell array with refresh data shortcut.

BL

WL

Figure 2.3: 1T1C dynamic memory cell schematic.



6 2. Background

connected to the read bitlines (RBL), and the write drivers are connected to the write bitlines (WBL). In
the following paragraphs, the three operation modes of this cell are covered.

NW PRWBL

WWL

RBL

RWL

Parasitic
capacitance

Figure 2.4: 2T NW-PR dynamic memory cell schematic.

Write To start a write operation, the WWL is pulled high which opens the NMOS pass transistor. If the
WBL is driven low, the capacitance of the storage node (gate capacitance of PR + parasitic capacitance,
in the order of 450aF) is discharged completely. If the WBL is driven high, the storage node is charged
to roughly the WBL voltage minus the threshold voltage of NW. The write operation is ended by pulling
the WWL low again. This causes the storage-node voltage to drop slightly due to the coupling between
the WWL and the storage node. During the entire operation, the RWL and RBL are pulled low.

In this thesis, WWL boosting is not considered. By increasing the WWL beyond the nominal supply
voltage, larger voltages can be written to the storage node. However, this could lead to premature
device failure and requires additional design effort to ensure that voltages beyond the supply voltage
can be handled.

Hold In the hold mode, the WWL, RBL, and RWL are pulled low. Ideally, this completely disconnects
the storage node from the remainder of the circuit and the charge is maintained. However, if the
WBL voltage is opposite of the stored voltage, sub-threshold (leakage) current through NW causes
the storage-node voltage to drift, which weakens the stored state. Since the WBL is shared between
different cells, this will be the case for roughly half the cells. This limits the total duration that the
data is valid, also called the retention time. Other leakage sources include gate-oxide tunnelling or
gate-induced drain lowering (GIDL) [18], reducing the retention time further.

Read In the readmode, the RWL is pulled high while the RBL has been precharged low. If the storage-
node voltage is low, sufficient overdrive across PR will cause inversion and RBL will be charged. If the
storage-node voltage is high, PRwill remain in cutoff and the RBLwill remain discharged. After a certain
amount of time, the read time, the RBL voltage is compared with a reference voltage to determine the
original cell state: 0 if the RBL voltage is larger than the reference voltage, and 1 if the RBL voltage is
smaller than the reference voltage.

Due to the voltage drop across NW, the storage-node voltage can never reach the supply voltage.
As a result, it may seem that the output transistor should always experience at least some inversion
during readout since the difference between the storage node and the RWL (at the supply voltage) is
about one threshold voltage. This is not the case due to the gate-to-source coupling capacitance of
PR. When the RWL is charged, the storage-node voltage is pulled up, resulting in a gate-to-source
voltage that is lower than the threshold voltage. This coupling voltage step also occurs if the storage-
node voltage is low, which reduces the maximum overdrive that can be obtained and therefore limits
the speed of the readout.

Due to the readout transistor coupling, the same transistor type 2T NW-NR and 2T PW-PR cell
alternatives do not work without wordline boosting. For example, a PMOS write transistor would result
in a storage-node voltage equal to the supply (high) or a single threshold voltage (low). Including the
voltage increase on the storage node due to the coupling, the readout transistor will be fully off in case
of a high storage-node voltage and either off or in very weak inversion in case of the low storage-node
voltage. As a result, only small voltage differences will be generated on the RBL and therefore the cell
is hard to read. A similar reasoning holds for the 2T NW-NR cell.
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Using the bitline voltage marginmethod described in [19], the 2T NW-PR design is chosen over the
2T PW-NR design. In this method, the difference between the bitline voltages after a read operation for
both states, the bitline margin, is simulated. For a similar time between the write and read operation,
the hold time, the bitline margin of the 2T NW-PR cell is larger than that of the 2T PW-NR cell. This
makes it easier for the sense amplifiers to distinguish the two states.

Finally, the maximum difference between the two bitline voltages is limited to roughly one threshold
voltage. Unselected cells (RWL = 0) with a low storage-node voltage will cause a current from the RBL
to the RWL when the RBL voltage exceeds the threshold voltage of PR. Besides limiting the maximum
bitline voltage, it also increases the power consumption during read operations since the current is not
used effectively. This puts an upper limit on the read time since the bitline voltage margin can only
shrink once this limit has been reached and all additional energy is wasted.

3T NW-PR dynamic cell
A second dynamic gain cell, the 3T NW-PR cell, is shown in fig. 2.5. It is a three transistor cell (3T)
with an NMOS write pass transistor (NW) and a PMOS read transistor stack (PR and PR’). It consists
of a 2T NW-PR cell (NW and PR) with the RWL always pulled high (read mode), but the RBL charging
current is gated by a second PMOS transistor (PR’). As mentioned before, the gate-to-source coupling
of the readout transistor is the reason that the 2T NW-PR cell works. This coupling is not present in
this design, so instead the threshold of PR should be increased to ensure that the transistor is fully off
when the storage node has been written high.

NW PR

PR’

WBL

WWL

RBL

RWL

𝑉DD

Parasitic
capacitance

Figure 2.5: 3T NW-PR dynamic memory cell schematic.

This cell again has three operation modes which are similar to those of the 2T NW-PR cell design.
The polarity of the RWL signal must be inverted, since it should be lowwhen reading and high otherwise.
The readout process is similar, where the RBL is charged towards the supply voltage if the storage-
node voltage is low. Due to the additional gate, the readout leakage problem of the 2T NW-PR cell
design is solved. Additionally, the overdrive on PR for a low storage-node voltage is larger since there
is no coupling voltage step that increases the storage-node voltage during readout. This results in a
faster readout than the 2T NW-PR cell.

3T PW-PR dynamic cell
The final dynamic gain cell is a 3T PW-PR cell with preferential boosting [20]. It is a three transistor
cell (3T) with both a PMOS write transistor (PW) and a PMOS read transistor stack (PR and PR’). The
schematic is shown in fig. 2.6 and is similar to the 3T NW-PR cell schematic.

The term preferential boosting comes from [20] and indicates the connection between the PR drain
and the RWL. Similar to the 2T NW-PR transistor, this direct connection between the RWL and PR
will cause a voltage step (down instead of up) on the storage node due to the coupling capacitance
between the storage node and the RWL. It is called preferential since the step increases the difference
between the storage-node voltages. If the storage-node voltage is high, there will be no channel and
the coupling capacitance will be low. As a result, the voltage step down on the storage node is small.
If the storage-node voltage is low, there is a channel in PR and the capacitance between the storage
node and the RWL is higher. In this case, the voltage step down on the storage node is larger and
therefore the storage-node voltage difference during readout is increased.

Contrary to the other cell designs with PMOS readout transistors, the RBL will be discharged for this
design since RWL must be pulled low to open PR’. As a result, the RBL can not be discharged below
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PW PR

PR’

WBL

WWL

RBL

RWL
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capacitance

Figure 2.6: 3T PW-PR dynamic memory cell schematic.

a threshold voltage. This slows down the readout process for this cell type, but the step down on the
storage-node voltage ensures sufficient overdrive voltage. Similar to the 3T NW-PR cell, this cell does
not suffer from the readout leakage problem due to the pass gate in the readout stack. Contrary to the
other dynamic cell designs, the readout of this cell is non-inverting: a high written voltage leads to a
high bitline voltage, while a low written voltage leads to a low bitline voltage. This requires additional
inversions throughout the full memory design, compared to the other dynamic cell designs, to ensure
the correct data polarity.

6T static cell
The 6T static cell is the most used static memory cell and its schematic is shown in fig. 2.7. In this case,
the data is stored in the state of a static bi-stable circuit consisting of two cross-coupled inverters. The
cell does not require refreshing due to the static feedback, but is much larger than the dynamic cells
since it requires six transistors (6T). The PMOS transistors are also called the load transistors (PL/PL’),
the wordline transistors the access transistors (NA/NA’), and the inverter NMOS transistors the driver
transistors (ND/ND’). It only has a single wordline (WL) for both read and write operations and uses a
complementary bitline pair (BL/nBL) for both read and write operations instead of two separate bitlines.
In the following paragraphs, the use of these lines in the three operation modes is explained.

ND’ND

PL’PL

NA NA’BL

WL

nBL

WL

𝑉DD𝑉DD

Figure 2.7: 6T static memory cell schematic.

Write During a write operation, theWL is high and the BL/nBL are driven with the complementary data
to be stored. This causes the internal cell nodes to follow the bitlines through the access transistors
and the cross-coupled inverters to latch, thereby copying the state from the bitline pair to the cell.

Read During a read operation, the WL is also high but the BL/nBL are not driven. Instead, they are
precharged to the supply voltage and left floating during the read operation. The driver on the low side
of the cell will pull down the connected bitline through the access transistor. Since the pull-down is
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Figure 2.8: Example transfer curves for the left and right inverter and pass transistor of a 6T static cell design, obtained from a
two-point Monte Carlo simulation.

done through an NMOS with maximum overdrive, one of the bitlines is discharged extremely fast. By
comparing the two bitlines, the low side can be determined and therefore the state can be retrieved.

Hold In the hold mode, the WL is low. This isolates the inverter pair from the bitline pair which means
that no interaction takes place, neither write nor read, and the state is held by the inverter pair.

A tool often used in designing static memory cells is the Static Noise Margin (SNM) [21]. The SNM
indicates the stability of the cell using two static (DC) transfer curves. These transfer curves are mea-
sured between the input and output of each inverter in three situations: with a low wordline (only the
inverter), with a high wordline and a high bitline (inverter with a weak pull-up at the output), and with
a high wordline and a low bitline (inverter with a strong pull-down at the output). This results in, for
example, the transfer curves shown in fig. 2.8, obtained a two-point Monte Carlo simulation, for the left
and right sections of the cell (PL/ND/NA and PL’/ND’/NA’). Ideally, they should be identical, but this is
unlikely due to device mismatch.

The three transfer curves can be combined to find the SNM of the cell design in every operation
mode. In the hold mode, the transfer curves from both sides with a low wordline are combined and
plotted as shown in fig. 2.9a where the x- and y-axes indicate the two internal node voltages and the
lines are the DC transfer curves of each inverter. The SNM is defined as the minimum of the two largest
diagonal distances between these lines1 and allows us to quantify the magnitude of a disturbance that
is allowed until it would flip the cell. This margin should be positive and therefore requires that the lines
cross, which means that there are two stable states.

During a read operation, both sides see a high wordline and initially a high bitline. These transfers
can be combined and result in fig. 2.9b. The read SNM is again defined as the minimum of the largest
differences between the curves and should be positive. This again means that two stable points are
required, close to the two stable points in the hold mode. This ensures that a read operation does not
disturb the state of the cell.

Similarly, in case of a write operation, one side sees a high wordline and low bitline, while the other
side sees a high wordline and high bitline. A combination of these transfer curves is shown in fig. 2.9c.
In this case, the smallest distance between the two curves should be maximised and the lines must
not cross. As a result, there is only one stable point, which means that the cell can be forced into the
desired state. For the shown example, BL is pulled low and nBL is pulled high such that the only stable
state is the point where VL is low and VR is high. By flipping the high and low bitline sides, the figure
should appear to mirror along the 𝑥 = 𝑦 axis, and the single stable state must be on the other side of
the graph where VL is high and VR is low. For this specific example, this gives a slightly larger margin
and is therefore not shown.

1The side length of the square is sometimes used instead of the diagonal, resulting in a √2
2 scaling factor.
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Figure 2.9: SNMs for the example transfer curves shown in fig. 2.8 where VL and VR indicate the left and right node voltages of
the cell, respectively.

2.2. Quantum computing
Quantum computing promises to solve certain problems in various fields that are intractable by classical
computers using quantum algorithms [1]. A quantum computer is envisioned to be a heterogeneous
system with a classical processor which loads quantum programs onto a quantum processor [22]. This
is similar to the use of a modern general-purpose GPU. The quantum processor consists of a quantum
device with qubits and a classical controller that performs the operations and readout on the quantum
device by applying voltage and current waveforms. The quantum device and quantum computing in
general are not the focus of this thesis and will therefore not be explained further. Instead, the focus is
on the classical controller and the use cases for digital memories in them.

In this section, the use of digital memories in the classical controller for quantum computing is
covered. Some proposed controllers are mentioned, their use of digital memory is listed and qualitative
requirements for the memories are derived.

2.2.1. Classical controller architectures
Several classical controller architectures have been proposed for different qubit technologies and with
various complexity [22]–[26]. The goal of these controllers is to provide an interface between software
describing (mixed classical-)quantum algorithms and the quantum hardware. An example of such an
architecture is shown in fig. 2.10. It consists of a classical pipeline for the classical instructions, which
is used to perform computations with classical registers and control the program flow, and a quantum
pipeline. The quantum pipeline is used to decode the quantum instructions, ensure that the timing
of the instructions is correct, and apply the analog waveforms to the quantum device. The quantum
pipeline can also perform readout of qubits on the quantum device and use the readout results to
perform conditional quantum operations or return them to the classical pipeline.

2.2.2. Memory applications
Several memory applications can be found in the quantum processor part of the FT-QuMA architecture
shown in the grey box in fig. 2.10. From left to right, the following memory applications are encountered:

• instruction and data memory,

• microcode control store,

• address registers,

• Q symbol table,

• logical measurement unit,

• timing control event queues,

• memory for the quantum error decoder (e.g. neural network [27], [28]),

• sequence memory,
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Figure 2.10: Architecture of the FT-QuMA controller architecture from [22, fig. 4].

• pulse lookup table (LUT).

A more detailed example of the memory use in the quantum-classical interface is shown in [29]. It uses
three memories, roughly equivalent to an instruction memory that only stores the quantum instructions,
a sequence memory, and a pulse LUT.

For each of the memories, some details about how they are operated can be derived. For example,
the microcode control store, sequence memory, and pulse LUT are written at most once per program
and read-only at various speeds during execution. While the microcode control store only needs to
retrieve data once per instruction, pulse LUTs may require output data rates of 90Gbit s−1 [29]. On the
contrary, the timing control event queues will have an equal number of write and read operations. The
remaining memories are both read and written during operation, but typically read more than written.
Finally, the sizes may also vary significantly, since a sequence memory may need only a handful of
words while the instruction memory may need to store programs of significant size.

The different use cases determine what memory type is most efficient at that position. A memory
that is rarely used will benefit from a design that needs very little standby power, while a frequently
used memory with mostly read operations requires a design with a low read operation energy and a
high bandwidth. This trade-off is investigated in more detail in chapter 3.

2.3. Cryogenic CMOS
To improve scalability, the classical controller should be located physically close to the qubits. Since
the qubits require cryogenic operating temperatures, these control electronics should also be located
at cryogenic temperatures [7], [8]. The qubits currently need to be cooled to temperatures of several
mK, so dilution refrigerators are typically used. Since their cooling power is severely limited at these
temperatures, the electronics are placed at a higher temperature plate around 4.2K. This also allows for
testing of the electronics using a dipstick into liquid helium at 4.2K instead of using a dilution refrigerator,
which is much faster and cheaper. In either case, the delay, losses, and load of the long cables needed
to get out of the fridge or dewar to room temperature to connect to equipment have to be taken into
account when designing the hardware.

In this section, several effects of the temperature on the technology are summarised. This is fol-
lowed by an overview of the state-of-the-art of digital memories at cryogenic temperatures and the
observed effects of the cryogenic environment on them.

2.3.1. Effects on technology
The effects of cryogenic temperatures on various CMOS technologies have been shown in literature
[11], [30]–[34]. A typical MOSFET transfer characteristic is shown in fig. 2.11 at both 300K and 4.2K.
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(a) Transfer characteristic where drain-to-source voltage = [0.1V;
0.6V; 1.1V] [30, fig. 6c].

(b) Output characteristic where gate-to-source voltage = [0.43V;
0.76V; 1.1V] [30, fig. 7c].

Figure 2.11: Measured transfer and output characteristics of thin-oxide NMOS in 40nm CMOS with W/L = 120nm/40nm from
[30]. Solid line: 4 K; dashed line: 300 K.

The main changes are as follows (exact values depend heavily on the technology and transistor sizing):

• The absolute threshold voltage of the devices increases roughly 100mV to 200mV due to scaling
of the Fermi-Dirac distribution [35].

• The subthreshold slope becomes much steeper and decreases by roughly 60mVdec−1.

• The carrier mobility increases by approximately a factor 2 due to a reduction of phonon scattering
[36].

Additional effects that are not visible in fig. 2.11 but reported in literature are:

• The capacitance and leakage of the active-region-bulk junction diode decrease due to an in-
creased depletion region width due to carrier freeze-out and therefore an increased barrier voltage
[37].

• The mismatch between matched pair devices increases [33].

• The resistance of the metal interconnect decreases by 20% to 50% [38]–[41].

• The resistance of the substrate increases due to freeze-out and causes a current kink and hys-
teresis in larger technology nodes (≤ 0.35µm) [30]. The current kink is not present in smaller
technology nodes, but the increased substrate resistance may increase the latch-up risk [42].

• The channel noise decreases by a factor 10 due to the reduction in shot noise [38].

Combining some of the aforementioned changes results in the following functional differences. First
of all, the leakage in the cutoff (subthreshold) region is significantly reduced both due to an increase
in the threshold voltage and the steeper subthreshold slope. Second, the effect of the increase in
threshold voltage on the output current at large overdrives is cancelled by the increase in carrier mobility,
resulting in faster digital logic [30], [43]–[45].

2.3.2. Cryogenic digital memories
Digital memories at cryogenic temperatures have been topic of investigation in literature since 1979
[46]. There have mainly been two temperatures of interest, namely 77K and 4.2K. For speeding up
regular computing, for example in data centres, 77K is mainly of interest since it can be reached using
liquid nitrogen which is cheap and easy to use. For use in lower temperature systems, such as quantum
computing or superconducting computing, temperatures around 77K are still used [47], but also 4.2K
is used since it can be reached using liquid helium [48]–[50].

In the remainder of this section, the changes in dynamic and static memories that have been re-
ported in literature will be covered.
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Figure 2.12: Retention time as function of temperature reported in literature. The red lines indicate various custom cell designs,
while the blue lines indicate commercial DRAM products (all 1T1C).

Dynamic memories
Literature focusing on dynamic memories at cryogenic temperatures can be split into two groups: de-
sign and characterisation of a custom memory, and the characterisation of commercial DRAM sticks.
Due to the limited data retention time of dynamic memories and the associated power consumption
due to refresh operations, the focus has mainly been on determining the retention time of the dynamic
cells.

Due to the reduced leakage, the retention time of dynamic cells increases significantly. Several
works report long to near-infinite retention times and therefore a potential refresh rate of zero at 77K
[44], [46], [51], [52] and therefore at 4.2K [50], [53], which could save in area as refresh circuitry is no
longer needed. This seems to mostly be the case for large technology nodes at 0.35µm or above, but
the leakage at smaller nodes (0.18µm or smaller) can no longer be ignored [48]. Failure modes with
low temperature dependence (low activation energy) such as tunnelling have been observed several
times [13], [54], [55] and result in modern technologies in retention times in the order of several s
[56]. Additionally, the effect of interference and disturb effects does not change and will require regular
refreshes in order to protect the data [14], [57].

An overview of the retention timesmeasured in literature can be seen in fig. 2.12. Due to the different
ways retention time can be measured and the various technologies and cell types used, comparisons
between different lines are not valid. However, a clear increase in retention time from 300K to 4.2K of
roughly 106 can be seen, and most of the lines show approximately the same slope.

Apart from the increased retention time, an increase in speed has also been reported for both
commercial DRAMs [61] and custommemories [56], [60], [62]. The access time decreases significantly
for the unclocked memories (roughly halves), while the frequency of the clocked memories can be
increased by 25% to 30%.

Static memories
For static memories, the focus has mainly been on the increase in speed and static noise margins.
An overview of the access time for static memory designs reported in literature is shown in fig. 2.13,
with access time reductions between 20% and 60%. Static noice margins have been reported to
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Figure 2.13: Static memory access time as function of the temperature reported in literature.

increase for low supply voltages due to the steeper subthreshold slope with threshold engineering [39]
and by using write assist techniques [63]. Note however, that an SNM only shows static behaviour and
that cells operating close to, or below, the threshold voltage may become very slow due to the steep
subthreshold slope and increased mismatch.
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Modelling

In this chapter, we will discuss the development of a model used to compare the performance and
power consumption of the four memory cell designs at 4.2K over a range of applications. Due to the
lack of device models valid at this temperature, a memory model is first derived based on simulations at
−40 °C (233K) using mostly standard-threshold BSIM device models. At this temperature, some low-
temperature effects such as reduced leakage are already visible. The resulting model is extended to
4.2K by modifying it according to known cryogenic-CMOS effects and expectations based on previous
work.

This chapter is structured as follows. We will first discuss how the memory application space is
defined in section 3.1. In section 3.2, we will define the memory metrics of interest and show how
they can be determined from simulation data by using the 2T NW-PR cell design as an example. The
alternative cell designs will be treated in section 3.3 and the resulting memory metrics will be compared.
In section 3.4 we will adapt the developed model to predict memory performance at 4.2K and see the
effects on the optimal memory design for various applications. Finally, we will reflect on the model,
identify limitations, and propose improvements in section 3.5 and conclude the chapter in section 3.6.

3.1. Applications
In this section, we will investigate what is meant with a memory application and define an application
space over which the memory designs will be evaluated.

A set of memory application requirements tells us how we want to use a memory and what the
restrictions on the design are. This includes many aspects, leading to a huge design space. Some
of these aspects can be derived from how we intend to use the memory and will largely determine
the architecture. This includes, for example, the data access pattern (random or sequential), desired
throughput, size of the array, size of a word/row, maximum latency, average read/write frequency, error
tolerance, etc. Additionally, there are some aspects that limit certain metrics of a memory design,
such as the area and power consumption. For each application, a different design is possible using
architectural techniques. One of these is banking, where we access multiple arrays at the same time
to increase the throughput, especially for sequential access patterns. The resulting design space is too
large and specific for easy comparison.

Since our focus lies on memory cell design, we will use only a single architecture design. To keep
the design simple, we will consider a single memory bank of 1Kibit (1024bit) with 32 words of 32bit
each, which is equal to 32 rows and 32 columns. Additionally, we will assume a random access pattern
due to its versatility. This allows us to compare the performance of the memories based on the choice
of cells without taking architectural differences into account. This also means that the possible memory
application requirements space shrinks significantly since several requirements are now fixed or directly
dependent on each other. For example, the throughput is now inversely proportional to the latency since
the number of banks is fixed.

After reducing the application and design spaces, we are left with six application aspects. Two of
these directly relate to how the memory is used, namely the average read and write frequency. We will
use these values to define an application space. The remaining four put restrictions on several memory
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metrics. They will limit the allowed area, latency, error rate, and power consumption of the memories
and can be used to pick the memory design that delivers the best trade-off.

3.1.1. Application space
As explained before, the application space for this model has been reduced to only the frequency of
read and write operations. Since the architecture of the different memories is the same, the application
can only determine how we use it. Using the average number of read and write operations per second
thus allows us to describe many different applications.

We can limit one dimension of the application space by replacing the write frequency with the av-
erage number of write operations per read operation. Since the read and write frequencies can differ
significantly, the application space stays large. Note however, that the average write frequency is usu-
ally lower than the average read frequency1. We can therefore define the application space using an
average read frequency, which can span many orders of magnitude, and a ratio of write operations per
read operation, which is limited between 0 and 1.

The defined application space can be used to classify the applications mentioned in section 2.2.2 as
shown in fig. 3.1. For example, a queue, such as the timing control event queues, will have a write/read
operation ratio of 1, while a read-only memory, such as a LUT, has a write/read operation ratio of 0.
Finally, working memory for a processor or controller will have a write/read operation ratio between 0
and 1, but exact values depend heavily on the program. The application of a memory then also defines
whether is can be slow or needs to be fast. For example, a LUT storing bias voltages that need to be
refreshed at low rates can be slow [66], while a pulse LUT for an arbitrary waveform generator (AWG)
needs to be fast. The throughput of various memories in a hierarchical memory organisation can also
vary several orders of magnitude [29].

0

Writes per read

1

Slow Read frequency [words/s] Fast

Low-speed I/O queue Timing control event queue

Main controller memory
(data+instruction)

QED working
memory

Pulse LUTMicrocode control store

Figure 3.1: Memory applications in the application space defined by the read frequency and the average number of write oper-
ations per read operation.

3.2. Memory metrics
In the previous section, we have seen how an application space was derived from the memory usage
requirements. This leaves us with the restrictions on four remaining memory metrics: the area, latency,
bit error rate, and power consumption. In this section, we will show how we can compute these metrics
for the different memory designs and how they are related.

We will go through the memory metrics in the following order by using the 2T NW-PR cell type as
an example. The schematic and operational details of this cell design can be found in section 2.1.2.
We will first look at the area of the design, followed by its latency. Next, we will see how we can
determine the Bit Error Rate (BER) and how it is related to the latency. Finally, we can calculate the
power consumption of the design over the application space and see how all the metrics are related
and their trade-offs.
1Writing data that is never read is a waste of resources, but may happen in certain applications such as caches.
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3.2.1. Area
Of all the memory metrics, the area is the easiest is to calculate. Nevertheless, it is important to
consider since memories can get extremely large and can be responsible for more than half of the area
consumption of a processor [67].

To calculate the total area, we can add the area of the cells and the peripherals. The total area of
the cells can be estimated using eq. (3.1) where ℎcell and 𝑤cell indicate the height and width of the cell,
while 𝑁cells, 𝑁rows, and 𝑁columns indicate the total number of cells, rows, and columns, respectively.

𝐴cells = 𝑁cells × 𝐴cell = (𝑁rows × 𝑁columns) × (ℎcell × 𝑤cell) (3.1)

The area of the peripherals can be estimated using eq. (3.2) where 𝑤peri and ℎperi indicate the width
and height of the peripheral overhead. The row peripherals include the row decoders, while the column
peripherals include bitline drivers, sense amplifiers, and data latches.

𝐴peri,rows = 𝑁rows × ℎcell × 𝑤peri

𝐴peri,columns = 𝑁columns × 𝑤cell × ℎperi
𝐴peri = 𝐴peri,rows + 𝐴peri,columns

(3.2)

A visual representation of the aforementioned areas can be seen in fig. 3.2. Note that this is a
rough estimation of the area, taking only the cells, row decoders, and bitline stacks into account. Ad-
ditional area will be required for the timing-and-coordination circuits and dummy structures to ensure
cell matching.

𝐴cellsBL

WL

𝐴cell

𝑤cell

ℎcell

𝑁columns

𝑁rows𝐴peri,rows

𝐴peri,columns

𝑤peri

ℎperi

Figure 3.2: Simplified memory layout used for area estimation.

For the 2T NW-PR memory cell this leads to the following area estimation. Based on a prelimi-
nary layout schematically shown in fig. 3.3, we can estimate the dimensions in fig. 3.2, as reported
in table 3.1. This leads to a cell area of 0.2268µm2 and a total area for the array of 466µm2 (for
𝑁columns = 32 and 𝑁rows = 32).

Table 3.1: 2T NW-PR array dimension estimations

Dimension 𝑤cell ℎcell 𝑤peri ℎperi
µm 0.63 0.36 8 7

Finally, it is instructive to observe some trends for the area metric. Increasing the total number of
cells will linearly scale the total cell area, while scaling the peripheral area sublinear. This means that
especially for larger arrays, the total cell area becomes the dominant area consumer. In the previously
shown situation with 32 words of 32bit, the cell area is only 41% of the total area, but scaling the array
to 64 words of 64bit would result in a cell area of 59% of the total area. It is therefore worthwhile to
minimise the area of a single cell.
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Figure 3.3: Simplified layout of a double 2T NW-PR cell design with the two write transistors (NW) on the outsides and the readout
transistors (PR) stacked in the middle. These two cells share the same wordlines, but have different bitlines, which means that
they are in the same row but different column. To obtain the area of a single cell, the width therefore has to be divided by 2.

3.2.2. Latency
The latency of a memory is defined as the time between the start of a memory operation and its comple-
tion. We will separately consider the write and read latency for write and read operations, respectively,
in the remainder of this section. However, to simplify interaction with the memory, a single combined
memory operation latency is defined as the largest of the two.

The duration of both operations is the result of the timing of the peripherals by the control circuits.
It is therefore not an inherent property of the cell design itself, but the cell design must be taken into
account to determine the optimal timing. This optimal timing is the result of a trade-off between the
latency and other memory metrics, which is investigated in more detail in section 3.2.5.

Write latency
The write latency is mainly of interest for dynamic cells. The storage-node voltage of dynamic cells is
written through a pass transistor. Depending on the type of pass transistor, one voltage level is passed
strongly while another is passed weakly. For the 2T NW-PR cell, the N-type write pass transistor will
strongly pass a low voltage (0V) and weakly pass a high voltage (1.1V). In the latter case, if the
storage-node voltage starts at 0V, the storage node will be initially charged quickly. However, as the
storage-node voltage increases, the transistor current will decrease. This will lead to a slow settling
towards a storage-node voltage of 1.1 − 𝑉th.

Figure 3.4 shows Monte Carlo simulation results of the settling of the storage-node voltage of a 2T
NW-PR cell. The cell is initialised with 0V or 1.1V, the write bitline is connected to the opposite voltage,
and the write wordline is pulled high. The red lines shows settling of a strong write, while the blue lines
show settling of a weak write. The black lines show the ±3.3𝜎 spread, assuming a normal distribution
at every time instance. The probability of being outside this range is 1

1024 , so one out of the 1024 cells
is expected to lie outside this spread.

We can clearly see the difference between the strong and weak write. The strong state (red) is
written completely within 10ps. The weak state (blue) starts of as fast as the strong state, but quickly
slows down due to the reducing transistor overdrive and ends up settling exponentially slower (note
the logarithmic x-axis in fig. 3.4). Writing for longer will increase the difference in storage-node voltage
between the two states and therefore lead to easier state detection when read. However, due to the
slow settling the advantages quickly wear off. Therefore, setting the write duration equal to the read
duration gives the best results as it gives the largest possible storage-node voltage difference without
slowing down the combined operation latency.

For static cells, once a cell has flipped, writing longer does not give any advantage. This means
that we have a strict lower bound for the duration of a write operation for a static cell to guarantee that
it can be flipped, but going beyond it gives no advantage nor disadvantage as long as it does not slow
down the combined operation latency.

For this model, we will fix the duration of a write instruction to 1ns. This means that in all the
simulations, we will perform write operations by opening the write pass gate (NW in fig. 2.4) for 1ns.
This is sufficient for a strong write as it is longer than 10ps. For the weak write, it puts us around 80mV
into the settling region which starts around 100ps at 700mV. This will result in a total write operation
latency that is slightly longer than 1ns due to peripheral overhead. It is also similar to the read latency
which we will look at next, which means that we get the longest possible write time without limiting the
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Figure 3.4: 200-point Monte Carlo (global + local) simulation of the settling of the 2T NW-PR storage-node voltage during a write
operation. Black lines indicate ±3.3𝜎 ( 1

1024 ) for every time instance of the two curve families.

combined operation latency.

Read latency
The required duration of a read operation depends on many factors. During a read operation a bitline is
(dis)charged, the speed of which is determined by the cell strength and the total bitline capacitance. The
read duration then determines the difference between the bitline voltages for the different cell states.

Figure 3.5 shows the bitline voltage for a 2T NW-PR cell during a read operation for various read
durations from 100ps to 1ns. The shown process is as follows. First, the bitline is precharged to
ground. Next, the read wordline is pulsed for 100ps, 250ps, 400ps, 550ps, 700ps, 850ps and
1000ps. Finally, 500ps after the falling edge of the read wordline, the bitlines are precharged to
ground again. Reading for longer gives a larger bitline voltage difference between the two states, or
’bitline margin’, since we follow the bitline charging trajectory for longer.

For dynamic cells, these bitline voltages not only depend on the read operation, but also on the time
between successive writes and reads, or hold time (thold). Between the write operation and the read
operation, the storage-node voltage will increase or decrease due to leakage for the low or high writes,
respectively. This will reduce the overdrive in case of a write-0, leading to a lower charging current.
In case of a write-1, this eventually leads to inversion which increases the charging current. This can
also be seen in the right plot of fig. 3.5, where the bitline is charged slower than in the left plot after a
write-0. Additionally, the bitline is charged slowly after a write-1, which leads to a smaller bitline margin.
However, the bitline margin is still increasing for an increasing read duration.

The left figure of fig. 3.5 shows the readout leakage that the 2T NW-PR cell design suffers from.
Once the bitline voltage reaches approximately 0.52V, there is a balance between the current supplied
by the cell that is read and the leakage of other cells that have been written low. As soon as the read
wordline is pulled down, the current from the cells that have been written low discharges the bitline
again towards roughly 0.4V.

It may seem that reading longer will result in a better bitline margin, but this is not the case. In
fig. 3.6, we can see that the maximum bitline margin is achieved for a read time of roughly 2.5ns for
a hold time of 40µs. The initial increase in bitline margin is due to the bitline being charged faster in
case of a write-0 than a write-1, as shown in fig. 3.5. However, once the bitline voltage for the write-0
starts to settle due to the readout leakage, the bitline voltage for the write-1 still increases, lowering
the bitline margin again. This long hold time will however result in a relatively slow memory with a high
read energy consumption for short hold times due to readout leakage. For example, for a hold time
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Figure 3.5: 2T NW-PR read bitlines during a read operation with durations of 100ps, 250ps, 400ps, 550ps, 700ps, 850ps
and 1000ps. Left: read 1µs after write, right: read 20µs after write.

of 1µs, the leakage current with a maximum of almost 11µA starts to flow within 500ps, resulting in
an additional energy loss of over 22 fJ (> 10% of the total read power, as calculated in section 3.2.4).
In order to reduce this leakage, keep the latency low, and maintain sufficient bitline margin for various
hold times, the read time is fixed to 1ns.

Whatever the read time, the bitline margin of dynamic cells will collapse over time. This happens
due to leakage, which brings the storage node voltages of the different states closer together. As a
result, the (dis)charging current of the readout transistors for the different states get closer together. At
a certain point in time, the two states can no longer be reliably distinguished. To determine when this
happens, we need to take a look at the bit error rate.

3.2.3. BER
To determine when we need to refresh our memory, we need to know when the bit error probability of a
read operation becomes too large. This is where the Bit Error Rate (BER) comes in. First, we will see
how a noiseless yield can be computed. This is followed by a BER analysis to find the actual expected
error rate including noise.

Noiseless yield
The yieldmetric will give use the probability of a good cell, where a good cell will always be read correctly
within the refresh period in the absence of noise. To calculate this, we needmismatch information about
the cells and sense amplifiers, and a reference against which the cell voltages are compared.

Cell mismatch To find mismatch information about the cell, Monte Carlo simulations of the read
operation for various hold times are used. This will result in distributions of the bitline voltages for the
two states over hold time. We should be able to determine, for a given hold time, the data state of the
cell from the observed read bitline voltage.

The left graph of fig. 3.7 shows the bitline curves for a 200 point Monte-Carlo simulation of the 2T
NW-PR cell. If we take a vertical slice from this figure for a given hold time, we can fit the voltages to
a distribution. The bitline voltages that belong to the 0-state best fit to a normal distribution, while the
bitline voltages that belong the 1-state best fit to a log-normal distribution. This makes sense as the
readout transistor is in strong inversion during a read of the 0-state, since the read wordline voltage is
high while the storage-node voltage is low. This causes the readout current to be roughly proportional to
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Figure 3.6: 2T NW-PR read bitline margin as a function of the read duration for various hold times.

the threshold and therefore the read bitline voltage mismatch to be proportional to the device mismatch.
During a read of the 1-state, the readout transistor is in the subthreshold operating region, since both
the read wordline voltage and the storage-node voltage are high. This causes the readout current to
be exponentially dependent on the threshold and therefore the read bitline voltage mismatch to be
exponentially proportional to the device mismatch. For example, at a hold time of 20µs, the bitline
voltages follow the distributions shown in eq. (3.3) and in the right graph of fig. 3.7.

𝑉0 ∼ 𝑁(𝜇, 𝜎2), where 𝜇 = 0.4057 and 𝜎 = 0.04329
𝑉1 ∼ ln𝑁(𝜇, 𝜎2), where 𝜇 = −3.475 and 𝜎 = 0.3721 (3.3)

Sense amplifier mismatch Mismatch information about the sense amplifier is harder to determine
as it highly depends on the sense amplifier design. Based on simulations of a preliminary design, we
find that the input-referred offset follows a normal distribution with zero mean and a standard deviation
of roughly 16.5mV. The exact value can always be adjusted based on the final design, so this value
is assumed for all memories for now.

Combining the statistics For the yield, the probability that a random cell and sense amplifier with
a specified reference voltage result in an incorrect read after a certain hold time is computed. The
algorithm to do this is as follows:

1. Obtain the distributions of the bitline levels at the given hold time from the cell mismatch informa-
tion. This is done by taking a vertical slice of the bitline graph and fitting the bitline voltages to
a normal and log-normal distribution. An example of this is shown in fig. 3.7 with the 2T NW-PR
cell for a hold time of 20µs.

2. Find the probability that a perfect decision against any reference is correct. In this case, the bitline
voltage distributions for the cell are assumed to be independent and any combination for the two
states is assumed equally likely. The error probabilities for the two states from the distributions
obtained in the first step is computed. Since the states are assumed to be equally likely, the
combined error probability is given by the average error probability. This is shown in the left
graph in fig. 3.8 for the example distributions from step 1 (eq. (3.3)).

3. Multiply the perfect decision error probability density function with the reference probability den-
sity function. The reference probability distribution follows a normal distribution with its mean
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Figure 3.7: Left: 200-point Monte Carlo simulation (tt corner + local variation at 233K) of the read bitline voltages for 2T NW-PR
cells for various hold times. Right: distribution of read bitline voltages for a hold time of 20µs (black line in the left figure).

equal to the specified reference voltage and its standard deviation equal to the sense amplifier
mismatch. For the example, a threshold voltage of 200mV and the earlier determined sense
amplifier mismatch of 16.5mV are assumed. The resulting probability density function is shown
in the right graph of fig. 3.8 and gives the combined probability of achieving a certain effective
threshold voltage (applied threshold + sense amplifier offset) and that threshold leading to an
incorrect read.

4. Integrate the resulting probability density function to find the total probability of an incorrect read.
For the given example, this leads to a total read error probability of 2.514 × 10−6. This means
that, without noise, reading a random cell with a random sense amplifier and a reference voltage
of 200mV after 20µs has a probability of 2.514 × 10−6 of resulting in the wrong data, assuming
equal write data probability.

The previously described method to find the yield can now be applied for a range of hold times and
reference voltages. The resulting values for each combination can be put into a graph, resulting in
fig. 3.9, where the black lines indicate constant yield values equal to 1 − 10−𝑥 and the red line shows
the reference voltage that gives the best yield for a given hold time. Given a desired yield, we can pick
the optimal reference voltage that gives us the longest retention time. For example, if we pick a yield
of 1 − 10−6, we find an optimal reference of roughly 190mV (actually 186.8mV) and a maximum hold
time of 19.64µs. This means that the refresh rate must be 50.91kHz to guarantee this yield for all read
operations.

A yield of 1−10−6 for 1Kibit is plenty and the probability of getting a bad cell is very small, roughly
one per 489 memories. However, some cells may be considered good cells in the absence of noise,
but result in high error rates once noise is taken into account.

Noisy BER
To determine the BER including noise, a Monte Carlo simulation is used. In this simulation, a large
number of memory cores are simulated with 1024 cells and 32 sense amplifiers, randomly selected from
their respective distributions. For the cells, a random read bitline voltage for both data states is drawn
from the distribution at a hold time of 20µs (eq. (3.3)), assuming the two distributions are independent.
For the sense amplifiers, a threshold that includes a random input-referred offset is selected from
a normal distribution around the chosen threshold of 190mV with an input-referred offset standard
deviation of 16.5mV. For each cell and associated sense amplifier, the probability of an incorrect read
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Figure 3.8: Left: probability of incorrect read of random cell with given reference voltage after a hold time of 20µs. Right:
combined probability density of the effective reference level seen by a sense amplifier due to input-referred offset and that
leading to an incorrect read with equal data probability.

decision is determined for both data states, including sense amplifier input-referred noise following a
normal distribution with a standard deviation of 10mV. In reality, the noise will be even smaller, in
the order of 4mV. However, 10mV gives a reasonable idea of the cell BER distribution that can be
expected and does not lead to numerical overflow2. Finally, the read error probabilities for both states
are averaged, assuming equal data probability, to find the total read error probability.

A histogram with the read error probability for all cells of 216 = 65536 memory cores with 32 words
of 32bit (226 cells in total) is shown in the left figure of fig. 3.10a and appears to follow a log-normal
distribution3. The median cell has a BER of 3.89 × 10−54 and there is a probability of 99.9% of getting
a BER lower than 10−12. The worst performing cell of every memory is shown in the right figure of
fig. 3.10a. This distribution also approximately follows a log-normal distribution, and means that in half
the memories the BER for every cell is smaller than 8.72 × 10−11, but the probability of getting a worst
cell BER lower than 10−6 is only 85.0%.

The computed BER only holds for read operations performed 20µs after a write operation. This
BER therefore limits the quality of the refresh read operation, as earlier reads will see much better
bitline margins (for a hold time of 10µs, the worst cell BER is higher than 6.22 × 10−13 in 99.99% of
the memories). It is therefore instructive to see how long it would take, on average, for a bit to flip due
to an incorrect refresh read operation. With a refresh rate of 50kHz, a worst cell BER of 10−6 results
in one expected bit flip every 20 s due to refresh read operations alone. Note that this is only on the
worst cell in the array. In half of the memories, the BER of the second worst cell is already smaller
than 4.82 × 10−14, and the probability of getting a second worst cell BER lower than 10−8 is roughly
95.0%. With a refresh rate of 50kHz, a BER of 10−8 results in an expected bit flip every 33.3min. The
cell performance quickly improves, but the number of errors is still high due to the large input-referred
noise of the sense amplifiers.

The BER becomes a lot better for decreasing amounts of noise. If we decrease the input-referred
noise standard deviation to 8mV, the median cell BER becomes 3.13 × 10−83 and 99.98% of the
cells have a BER below 10−9. Additionally, the median worst cell BER becomes 1.34 × 10−15, which
corresponds with an expected refresh bit flip every 473 yr. For 83.9% of the memories, the worst cell
BER is smaller than 10−9, or one expected refresh bit flip every 5.55h. The BER histograms for an

2With input referred noise standard deviations below 7mV, the BER of some cells lies outside of the IEEE 754 Double-Precision
Floating-Point range (< 4.94 × 10−324), causing issues with distribution fitting.

3The BER has a limited support between 0 and 1, while a log-normal distribution has infinite support starting from 0. Nevertheless,
the distribution shapes match very well.
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Figure 3.9: 2T NW-PR cell inverse yield for a range of hold times and reference voltages.

input-referred noise standard deviation of 4mV are shown in fig. 3.10b. The BER of more than half the
cells lies outside the double-precision floating-point range and the probability of a cell having a BER
worse than 10−11 is roughly 0.0068%, which corresponds to one expected refresh bit flip every 23.15d.
The median worst cell BER becomes 5.43×10−56 and the probability of getting a memory with a worst
cell BER above 10−11 is roughly 3.3%.

Finally, note that the observed BER for most cells will be much larger than the values calculated
using the Monte Carlo simultion. In reality, the BER is not only determined by noise during readout.
It is also limited by soft errors, for example, due to radiation or interference. Radiation soft errors are
reported for both dynamic memories [68], [69] and static memories [70], [71], and put a lower bound
on the apparent BER. Using values reported in literature, the expected number of failures in time (FIT),
where the time is defined as 109 h, for a 1kbit array ranges from 0.004 to 10. In 109 h, we perform
1.84 × 1020 read operations for a refresh rate of 50kHz on 1024 cells. If we assume these failures to
be the result of an incorrect refresh read operation, the apparent refresh read error rate will be between
2.17 × 10−23 and 5.43 × 10−20. This is larger than the noise-based worst cell BER of 93.5% of the
memories for an input-referred sense amplifier noise standard deviation of 4mV. The black line in the
right graph of figs. 3.10a and 3.10b indicates an apparent BER of 5 × 10−20.

These BER simulations show that setting the refresh rate for a yield of 1− 10−6 results in good cell
performance. Of the just over 67.1 million cells that are simulated, around 180 are either always 0 or 1
without noise. This results in a yield of 90

226 ≈ 1.34 × 10
−6, with the additional factor 12 since these cells

will read wrong for only one state. This roughly corresponds with the bad-cell probability of 1.386×10−6
at a hold time of 20µs and reference voltage of 190mV from fig. 3.9 using the yield calculation method.
Additionally, the observed BER of 99.99% of the cells is not limited by noise, but by soft error sources
such as radiation. This shows that aiming for a yield of 10−6 will result in a much lower BER than 10−6
for almost all cells, and good memory performance, where one memory is expected to have a single
cell that is not limited by soft errors out of every fifteen memories. Since the performance is good, and
to simplify comparison between the different memory designs, the refresh rate of every memory will be
chosen such that the yield equals 10−6.

3.2.4. Power
The final memory metric is the power consumption. This will tell us for the given configuration, latency,
and desired yield what the most efficient memory type is.

We can split the power consumption into two parts. First, the power that is needed to perform an
actual read or write operation, now called the operational power will be calculated. Note that this is
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proportional to the read and write frequency and therefore varies over the application space. Second,
power is required to keep the data correct, now called the retention power. This consists of the cell-
leakage power for static cells and refresh power for dynamic cells. This is a constant, minimum amount
of power needed by a memory to retain data over the entire application space.

Operational power
The operational power can be split into two parts: the write power and the read power. The power
needed for the write operations is the product of the energy needed per write operation and the number
of write operations per second. Similarly, the power needed for read operations is the product of the
energy needed per read operation and the number of read operations per second.

Write operation energy The write operation energy is determined by all the capacitances that need
to be (dis)charged. In this model, the energy needed to (dis)charge and return the following nodes is
considered:

• a single wordline (eq. (3.4)),

• half of the bitlines (eq. (3.5)), and

• the gates of bitline precharge transistors (eq. (3.6)).

In these equations, 𝐸WL, 𝐸BL, and 𝐸pre indicate the energy needed to toggle the single wordline, half
of the bitline, and the gates of the precharge transistors, respectively. 𝐶WWL,cell and 𝐶WBL,cell are the
capacitance added to the write wordline and write bitline by each cell, respectively, and 𝐶G,pre is the
effective gate capacitance of a single precharge transistor for full voltage swing. Finally, 𝑉supply is the
supply voltage, which is always assumed to be 1.1V. Only half the bitlines are considered since an
equal data distribution is assumed. This means that half the bitlines will have to be flipped and half will
already be at the correct voltage.

𝐸WL = 𝑁columns × 𝐶WWL,cell × 𝑉2supply (3.4)

𝐸BL =
𝑁columns
2 × 𝑁rows × 𝐶WBL,cell × 𝑉2supply (3.5)

𝐸pre = 𝑁columns × 𝐶G,pre × 𝑉2supply (3.6)

The capacitance values are the sum of the transistor capacitances and the parasitics of a cell con-
nected to each array line. Average transistor capacitance estimates are obtained using simulation
models, by averaging the effective capacitance in different operation regimes of the transistors. The
effective capacitance is given by the total amount of charge needed to charge a terminal to a certain
voltage. The parasitic capacitances are obtained using Parasitic Extraction (PEX) using (preliminary)
cell layouts. For the 2T NW-PR cell design and a supply voltage of 1.1V, this results in the capaci-
tances and energy results shown in table 3.2 where 𝐸write, the total energy per write, equals the sum
of the aforementioned energy contributions.

Table 3.2: 2T NW-PR write capacitance and energy values.

Capacitance Value [aF]

𝐶WWL,cell 295.25
𝐶WBL,cell 168.60
𝐶G,pre 160.00

Energy Value [fJ]

𝐸WL 11.43
𝐸BL 104.45
𝐸pre 6.20
𝐸write 122.08

Read operation energy Similar to the write operation energy, the read operation energy is based on
the capacitances that need to be (dis)charged. However, this is not constant since the bitline voltage
swing depends on the hold time. In general, the model takes the following nodes into account:
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• a single wordline (eq. (3.7)),

• all the bitlines with a 50/50 data distribution (eq. (3.8)),

• enabling and decision energy required for the sense amplifiers (eq. (3.9)), and

• the gates of bitline precharge transistors (eq. (3.10)).

In these equations, 𝐸WL, 𝐸BL(𝑡hold), 𝐸SA, and 𝐸pre indicate the energy required for toggling the single
wordline, the bitlines (as a function of the hold time), the sense amplifiers, and the bitline precharge
transistors, respectively. 𝐶RWL,cell and 𝐶RBL,cell are the capacitance added to the read wordline and read
bitline by each cell, respectively. 𝐶SA,in and 𝐶SA,control are the sense amplifier capacitance at the input
and the enabling control node, respectively. 𝑉RBL,swing,𝑥(𝑡hold) is the voltage swing on the read bitline
for the two data states as a function of the hold time and 𝐸SA,decision is the energy required by the sense
amplifier to make a decision. Contrary to the write operation energy, we need to consider all the bitlines.
Since both states develop a bitline swing, albeit of different magnitude, we need to include all of them.

𝐸WL = 𝑁columns × 𝐶RWL,cell × 𝑉2supply (3.7)

𝐸BL(𝑡hold) = 𝑁columns × (𝑁rows × 𝐶RBL,cell + 𝐶SA,in) × 𝑉supply ×
𝑉RBL,swing,0(𝑡hold) + 𝑉RBL,swing,1(𝑡hold)

2
(3.8)

𝐸SA = 𝑁columns × (𝐸SA,decision + 𝐶SA,control × 𝑉2supply) (3.9)

𝐸pre = 𝑁columns × 𝐶G,pre × 𝑉2supply (3.10)

Additionally, in the case of the 2T NW-PR cell design, we have to take the readout leakage energy
into account. The readout leakage current is caused by all cells with state 0 in the same column as the
cell with state 0 that is being read. If the read bitline is charged to a sufficiently large voltage, the read
transistors of the unselected cells are put in inversion and leak away some of the readout current. Since
this only happens for large bitline voltage, it will increase the read energy for short hold times, where
the 0 state is still very strong and leads to fast bitline charging. The total energy lost due to this leakage
for a read duration of 1ns can be seen in fig. 3.11 in red against the hold time and is determined based
on a simulation of a single column with all cells in state 0. This leakage is halved to assume only half
of the unselected cells are in state 0 and multiplied by half the number of columns to assume that half
the read cells are in state 0.

The read energy is now computed similar to the write energy. The combined transistor and parasitic
capacitances are shown in table 3.3. The general read energy contributions can then be calculated and
added together with the readout leakage energy to give the total read energy. Figure 3.11 also shows
the total energy required for a read operation after a specific hold time. Assuming that read operations
are spread uniformly between a zero hold time and the refresh period (19.64µs), the average read
energy is equal to 183.03 fJ per operation.

Table 3.3: 2T NW-PR read capacitance values.

Capacitance Value [aF]

𝐶RWL,cell 372.37
𝐶RBL,cell 284.88
𝐶SA,in 720.00

𝐶SA,control 394.00

Retention power
Finally, the retention power can be computed. For static cells, this consists of cell leakage currents and
the total retention power can be calculated using eq. (3.11) where 𝐼leak,cell is the leakage current of an
individual cell. For dynamic cells, we need to perform a read and a write on all rows at the refresh rate
which leads to the power consumption shown in eq. (3.12). This is significantly larger than the leakage
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Figure 3.11: 2T NW-PR read energy and its components as a function of the hold time.

that causes the storage-node voltage to drift slightly, since the storage-node capacitance is small. The
storage-node leakage is therefore ignored. Note that the read energy is taken for a hold time equal to
the retention time and is therefore slightly smaller than the average read energy due to reduced bitline
swing. Leakage from the peripherals is ignored, since it is expected to be small, especially with a large
cell array.

𝑃ret,static = 𝑁cells × 𝐼leak,cell × 𝑉supply (3.11)
𝑃ret,dynamic = 𝑁rows × (𝐸read(𝑡hold = 𝑡retention) + 𝐸write) × 𝑓refresh (3.12)

For the 2T NW-PR cell design, this results in a combination of previously computed values. With
32 rows, a refresh rate of 50.91kHz, a write energy of 122.08 fJ, and a read energy at a hold time of
19.64µs of 158.48 fJ, we obtain a total retention power of 457.05nW.

3.2.5. Trade-offs
As mentioned before, there are trade-offs between the different metrics. We will briefly look at two
possible changes and their effects, namely changing the read operation duration and the target yield.

To improve the read latency, the duration of a read operation can be decreased. This will cause
the bitline voltages to lie closer together, resulting in a worse yield/BER for the same refresh rate or a
higher refresh rate and therefore higher retention power for the same BER. However, the reduced bitline
swing will also reduce the read operation energy, which could improve the total power consumption if
the average read frequency is high.

In some applications, a higher BER may be allowed due to, for example, the use of error correcting
codes (ECC). This would allow for a reduction of the refresh rate and therefore the retention power at
the cost of the energy for the error decoding hardware. This could improve the total power consumption
if the average read frequency is low and the additional area consumption and complexity is allowed.

Due to these trade-offs, a selection of parameters has to be made based on the application. As
mentioned before, in this model we will assume the same yield target for each of the memories of
1−10−6. This allows for a better comparison of the memory cells. In the next section, we will see how
the memory operation duration needs to be changed for the alternative memory cell designs and what
changes in the calculation of the metrics, taking cell-specific design aspects into account.
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Figure 3.12: Simplified layout of a 3T NW-PR cell design with the write transistor (NW) on the left side and the readout transistors
(PR and PR’) stacked vertically on the right.

3.3. Memory cells
In the previous section, it has been shown how the model can be used to calculate the metrics and
some of the degrees of freedom in memory array design. This was done with the 2T NW-PR cell
design as an example. In this section, the model is extended to include the other memory cell designs.
The differences between the cell designs are briefly repeated, followed by how this translates into the
memory model, and the effects it has on the memory metrics. In the end, the results of all the cells are
compared and a method of picking the best memory cell design for each application is shown.

3.3.1. Dynamic 3T NW-PR
The dynamic 3T NW-PR cell is a derivative of the 2T NW-PR cell with an additional readout transistor.
This significantly reduces the coupling between the read wordline and the storage node. Additionally,
this removes the readout leakage problem of the 2T cell. A cell schematic and further operational details
can be found in section 2.1.2. In the following sections, we will see the effects this design changes has
on the memory metrics.

Area
The area increases due to the need for an additional transistor. The peripherals can mostly be the
same, so we will assume that their dimensions stay constant. The cell height remains the same, while
the width increases slightly since the readout transistor width of neighbouring cells can not be shared,
as shown in the simplified layout in fig. 3.12. This results in the dimension shown in table 3.4, a cell
area of 0.2988µm2, and a total area of 584µm2 (for 𝑁columns = 32 and 𝑁rows = 32).

Table 3.4: 3T NW-PR array dimension estimations

Dimension 𝑤cell ℎcell 𝑤peri ℎperi
µm 0.83 0.36 8 7

Latency
During a write operation, this cell type is as fast as the 2T NW-PR cell. It also writes to a PMOS gate
through an NMOS pass transistor in exactly the same way. Again, the write duration is set as long
as the read duration to maximise the storage-node voltage difference, while not limiting the combined
operation latency.

The additional readout transistor reduces the coupling between the read wordline and the storage
node. This results in a larger overdrive on the read transistor and therefore a stronger cell and thus a
faster read operation. This can be seen in fig. 3.13, with read times of 100ps, 250ps, 400ps, 550ps,
700ps, 850ps and 1000ps, where the bitlines can get charged close to or over 1V.

The obtained bitline margin for a given read duration for various hold times is shown in fig. 3.14.
Although the optimum again lies at roughly the same read duration as for the 2T NW-PR cell (around
1ns for a hold time of 10µs), a lower value is chosen to limit the total bitline swing and therefore the
read operation energy consumption. To obtain similar bitline voltage levels as the 2T NW-PR cell, we
reduce the read latency to 250ps.
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Figure 3.13: 3T NW-PR bitlines during a read operation with durations of 100ps, 250ps, 400ps, 550ps, 700ps, 850ps and
1000ps. Left: read 1µs after write, right: read 20µs after write.

Yield
The leakage of this cell from the storage node at the write transistor (NW) side will be similar to the 2T
NW-PR cell. However, the readout transistor (PR) always has the supply voltage connected to one of
the terminals. Especially state 0 will therefore experience a leakage current pulling the storage-node
voltage up. This causes the readout current for the low state to drop faster, resulting in a lower retention
time. This means a lower yield for the same refresh rate or a higher refresh rate for the same yield,
when compared with the 2T NW-PR cell design. This can be seen in the graph shown in fig. 3.15.
Finding the optimal point for a yield of 1−10−6 results in an optimal reference of 164.4mV, a retention
time of 17.12µs, and a refresh rate of 58.42kHz.

Notice that the reference voltage is lower than for the 2T NW-PR cell while the read bitline voltage
is typically larger. As we can see in fig. 3.13, the bitlines are also charged slightly if the cell has
been written high. Since the high write is weak and short and there is no coupling step like in the 2T
NW-PR cell design, the readout transistor is in weak inversion even for a high storage node voltage.
Intuitively, this means that the optimal reference must lie higher than for the 2T NW-PR cells. However,
as mentioned before, the 3T NW-PR cell mainly suffers from leakage pulling state 0 up, while the 2T
NW-PR cell mainly suffers from leakage pulling state 1 down. This causes the two states to meet at a
lower read bitline voltage, and therefore requires a lower reference voltage.

Power
The increased cell width results in a larger wordline capacitance since the lines get longer. This will
increase the wordline energy for both operations. Additionally, the write bitline is enclosed by more
metal on the second metal layer, resulting in an increased coupling capacitance. However, due to the
removal of readout leakage, a net reduction of energy per read operation is achieved. Additionally, the
capacitive load on the read bitline has decreased, which reduces the bitline energy for a read operation.
The larger cell size allows for larger metal spacing, which reduces the coupling between lines. Due to
the increased refresh rate for similar yield, the retention power is higher than that of the 2T NW-PR cell.

The cell capacitance per array line is shown in table 3.5. The sense amplifier and precharge capaci-
tances are the same as for the 2T NW-PR cell. The wordline capacitances and write bitline capacitance
increased, while the read bitline capacitance has decreased. The wordline layout is similar to the word-
lines in the 2T NW-PR cell, so the increase in cell area causes their total capacitance to increase slightly.
The read bitlines are further from other metals, especially on the first metal layer, which reduces their
parasitic capacitance significantly (−25%).

The resulting operational energies and retention power can be seen in table 3.6. Compared to the
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Figure 3.14: 3T NW-PR read bitline margin as a function of the read duration for various hold times.

Table 3.5: 3T NW-PR cell and precharge transistor capacitance values.

Capacitance 𝐶WWL,cell 𝐶WBL,cell 𝐶RWL,cell 𝐶RBL,cell
Value [aF] 332.40 216.57 385.05 213.34

2T NW-PR, the total write energy is higher, but the average read energy is lower. The total energy
needed to refresh a single row is higher, and the reduction in retention time to 17.12µs results in a
refresh rate of 58.42kHz and a total refresh power for 32 rows of 541.99nW. This is almost 85nW
higher than for the 2T NW-PR cell, or an increase of over 18.5%.

Table 3.6: 3T NW-PR write, read, and refresh energies.

Energy 𝐸WL 𝐸BL 𝐸pre 𝐸write 𝐸WL 𝐸BL 𝐸SA 𝐸read 𝐸read(𝑡retention) 𝐸refresh
Value [fJ] 12.87 134.17 6.20 153.24 14.91 69.82 60.06 150.98 136.69 289.92

3.3.2. Dynamic 3T PW-PR
The preferential boosted, dynamic 3T PW-PR cell [20] is similar to the 3T NW-PR cell, but uses readout
coupling to improve the difference between storage-node voltages for the different states. It also does
not have the readout leakage problem of the 2T cell. A cell schematic and further operational details
can be found in section 2.1.2. Next, the changes in the memory metrics due to this design change are
covered.

Area
The area is similar to the 3T NW-PR since we again need three transistors in a similar arrangement.
Since all transistors are P-type, we may expect to be able to place them closer together. However,
since the read wordline is now also needed at the source of the readout transistor instead of it being
a supply node which can be shared between neighbouring cells, slightly more space is needed (cell
design details can be found in chapter 4). A simplified layout is shown in fig. 3.16, which results in the
dimension shown in table 3.7, a cell area of 0.3132µm2, and a total area of 608µm2 (for 𝑁columns = 32
and 𝑁rows = 32). The peripheral dimensions are assumed to stay constant.
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Figure 3.15: 3T NW-PR cell inverse yield for a range of hold times and reference voltages.

Table 3.7: 3T PW-PR array dimension estimations

Dimension 𝑤cell ℎcell 𝑤peri ℎperi
µm 0.87 0.36 8 7

Latency
In this memory cell design, wewrite through a P-type pass transistor. Thismeans that now the high state
will be written with ease, while the low state voltage will be increased with approximately one threshold
voltage. Since hole mobility is lower than electron mobility, the write speed will be slightly lower. Again,
we will set the write latency equal to the read latency to ensure that the write operation develops the
maximum storage-node voltage difference without limiting the combined operation latency.

Unlike the NW-PR variant of the 3T cell, this cell has a slow read operation similar to the 2T NW-PR
cell. During a read operation, the bitline is discharged through a PMOS stack with limited overdrive,
which limits the current that can be drawn. The bitline voltages during a read operation can be seen in
fig. 3.17 for read durations of 100ps, 250ps, 400ps, 550ps, 700ps, 850ps and 1000ps. The read
duration is fixed to 1ns like for the 2T NW-PR cell, since it still gives a reasonable bitline swing without
being too slow.
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WWL RWL
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Figure 3.16: Simplified layout of a 3T PW-PR cell design with the write transistor (PW) on the left side and the readout transistors
(PR and PR’) stacked vertically on the right.
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Figure 3.17: 3T PW-PR bitlines during a read operation with durations of 100ps, 250ps, 400ps, 550ps, 700ps, 850ps and
1000ps. Left: read 1µs after write, right: read 20µs after write.

Yield
The leakage from this cell is similar to that of the 3T NW-PR cell, except there is a P-type write pass
transistor instead of N-type. Although the difference between the bitline voltages (bitline margin) starts
off smaller than that of the 3T NW-PR cell design, due to the weaker readout since the read bitline is
discharged through a PMOS transistor, the bitline margin collapses slower. This means that the yield
will be slightly better than that of the 3T NW-PR cell design. This can be seen in the yield graph in
fig. 3.18. Again, for a desired yield of 1 − 10−6, we find an optimal reference of 975mV, a resulting
retention time of 18.11µs, and therefore a refresh rate of 55.23kHz.
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Figure 3.18: 3T PW-PR cell inverse yield for a range of hold times and reference voltages.
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Power
Due to the connection of the read wordline to the source of the readout transistor, the routing is more
complex and the cell is slightly larger. This leads to a higher capacitance of the array lines when
compared to the other dynamic cells, which increases the energy consumption per operation. However,
the swing on the read bitlines is much smaller, reducing the read energy below that of the 2T NW-PR
cell.

The capacitances of the array lines per cell are shown in table 3.8. The capacitances of the sense
amplifiers and precharge transistors are assumed to be the same as for the other cells.

Table 3.8: 3T PW-PR cell capacitance values.

Capacitance 𝐶WWL,cell 𝐶WBL,cell 𝐶RWL,cell 𝐶RBL,cell
Value [aF] 339.74 286.73 599.93 308.48

Table 3.9 shows the write, read, and refresh energies for the 3T PW-PR cell design. At a refresh
rate of 55.23kHz and 32 rows, the total retention power equals 605.45nW.

Table 3.9: 3T PW-PR write, read, and refresh energies.

Energy 𝐸WL 𝐸BL 𝐸pre 𝐸write 𝐸WL 𝐸BL 𝐸SA 𝐸read 𝐸read(𝑡retention) 𝐸refresh
Value [fJ] 13.15 177.63 6.20 196.98 23.23 68.49 60.06 157.97 145.57 342.56

3.3.3. Static 6T
Finally, the static 6T cell is the most used static memory cell design. It does not require refreshing
operations and is used slightly different than the dynamic cells, howevermost of the calculationmethods
for memory metrics of the dynamic cells are still valid. A cell schematic and further operational details
can be found in section 2.1.2.

Area
The 6T static cell is much larger than the dynamic cells, since it requires six transistors instead of three.
A preliminary layout is created using the Lithographically Symmetrical (LS) cell layout which has been
common since 90nm technology nodes [21] and is shown in fig. 3.19. The cell dimensions are shown
in table 3.10. The resulting memory cell has an area of 0.5376µm2.

The peripheral dimensions are also shown in table 3.10. The width of the row decoder is assumed
to roughly halve, since the 6T static cell only has one set of wordlines instead of two separate lines for
reading and writing, reducing the total number of wordlines from 64 to 32. This means that we will use
only one decoder for reading and writing instead of two decoders for reading and writing separately.
This saves some area and results in a total array area of 822µm2 (for 𝑁columns = 32 and 𝑁rows = 32).
Table 3.10: 6T array dimension estimations

Dimension 𝑤cell ℎcell 𝑤peri ℎperi
µm 1.28 0.42 4 7

Latency
For a static cell, the stored data does not improve with the duration of a write operation. As shown in
the left graph of fig. 3.20, the feedback takes over the data applied for the write within 50ps to 100ps.
This means that the write latency for these static 6T cells can be very low, again resulting in a combined
operation latency limited by the read operation latency.

The read operation on the 6T static cell is fast, similar to the 3T NW-PR cell. The right figure of
fig. 3.20 shows the two bitlines during read operations with durations of 100ps, 150ps, 200ps, 250ps,
300ps, 350ps, 400ps, 450ps and 500ps. The low side bitline is pulled down through an NMOS stack,
which is very fast. Since the bitline levels also do not collapse over time, we pick a read duration of
150ps. This results in a low side bitline level of roughly 650mV, or a bitline margin of 450mV.
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Figure 3.19: Simplified LS layout of the 6T cell design with the NMOS transistors (ND/NA and ND’/NA’) on either side and the
PMOS transistors (PL and PL’) in the middle.
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Figure 3.20: Left: 6T static cell internal nodes during write operation. Right: 6T static cell bitlines during read operations with
durations of 100ps, 150ps, 200ps, 250ps, 300ps, 350ps, 400ps, 450ps and 500ps.

Yield
The yield of the static cells is much better than that of the dynamic cells. Contrary to the dynamic cells,
the bitline margin for static cells does not shrink depending on the hold time. Additionally, the sense
amplifier only compares the two bitlines and there is no reference voltage involved. From aMonte Carlo
simulation of the cells, we find that the bitline margin follows a normal distribution with mean 458.6mV
and a standard deviation of 50.84mV.

The yield can be computed by comparing the bitline margin distribution with the offset distribution
of the sense amplifiers. An error occurs when the bitline margin is smaller than the offset (ignoring
metastability overhead), which is shown in eq. (3.13), where 𝑀 is the bitline margin distribution and 𝑂
is the sense amplifier offset distribution. Instead of comparing the distributions, their difference 𝐶 can
be compared with zero. The difference can be computed by taking the difference of the means and
adding the variances. The probability of the comparison distribution 𝐶 being smaller than zero, and
therefore the yield, equals 4.75 × 10−18.

𝑃(𝑀 < 𝑂), where 𝑀 ∼ 𝑁(0.4586, 0.050842) and 𝑂 ∼ 𝑁(0, 0.01652)
𝐶 = 𝑀 − 𝑂, where 𝐶 ∼ 𝑁(0.4586, 0.050842 + 0.01652)
𝑃(𝑀 < 𝑂) = 𝑃(𝐶 < 0) ≈ 4.75 × 10−18

(3.13)
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Power
The energy and power values for the static cell are computed slightly different than those for the dynamic
cells. The first major difference for the read and write operation energies is that the bitlines work
complementary. This means that one of the bitlines will always be discharged, regardless of the data.
This effectively doubles the bitline capacitance, giving it the highest total bitline capacitance of all cell
designs. Second, when the cell flips during a write operation, it uses a fixed amount of charge. This is
captured in a constant amount of energy that is added to the write operation energy. Finally, the static
cell does not require refreshes to maintain its data, but instead has a small leakage current through its
inverter pair. This leakage current determines the retention power of the static cell.

The capacitance values for the static cell are shown in table 3.11. Note that this does not include the
virtual capacitance doubling due to the differential bitline operation. Additionally, since the bitline volt-
ages are different during read and write operations, the effective capacitances seen from the wordlines
is slightly different for the two operations.

Table 3.11: 6T static cell capacitance values.

Capacitance 𝐶WWL,cell 𝐶RWL,cell 𝐶BL,cell
Value [aF] 498.67 485.94 187.88

Using the capacitance values, we can calculate the energy and power metrics. The energy required
for the write and read operations is shown in table 3.12. The part of the write energy denoted as 𝐸cells
indicates the energy needed by half the cells to flip. The leakage energy can be computed from the
leakage current of each cell which equals 20.47pA at a supply of 1.1V. For 1024 cells, this results in
a total leakage power of 23.06nW.

Table 3.12: 6T static cell write and read energies.

Energy 𝐸WL 𝐸BL 𝐸pre 𝐸cells 𝐸write 𝐸WL 𝐸BL 𝐸SA 𝐸read
Value [fJ] 19.31 260.67 6.20 17.71 303.88 18.82 106.64 60.06 191.70

3.3.4. Comparison
Using the metrics computed for the various cells, we can compare the different designs. The final
metrics are shown in table 3.13. We can see by the colours that each design has some well and
poor performing metrics. For example, the 2T NW-PR cell is the smallest in terms of area, has the
lowest write energy of all cell designs, and has the lowest retention power of the dynamic cell designs.
However, it also has the highest read energy of the dynamic cell designs. It is therefore a good cell
choice for large and high activity memories with a lot of write operations. However, some applications
may be heavily read operation dominated. If the memory is not restricted by area, one of the other
dynamic cell designs or the static cell design may be better suited.

Table 3.13: Comparison of memory metrics for four different cell designs.

Metric 2T NW-PR 3T NW-PR 3T PW-PR 6T

Area [µm2] 466 584 608 822
Latency [ns] 1 0.25 1 0.15
Cell yield 10−6 10−6 10−6 4.75 × 10−18

Write energy [fJ] 122.08 153.24 196.98 303.88
Read energy [fJ] 183.03 150.98 157.97 191.70

Retention power [nW] 457.05 541.99 605.45 23.06

To show the trade-offs over the application space, the write and read energy are combined with
the retention power to create a memory landscape. The total power consumption over the application
space is computed for each memory, and the memory with the lowest total power consumption is
plotted. This memory landscape is shown in fig. 3.21.
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Figure 3.21: Memory landscape showing the memory with the lowest power consumption over the application space with read
frequencies from 1kHz to 1GHz and average number of writes per read between 0 and 1.

The memory landscape shows a clear separation between the static and dynamic cell designs. For
low frequency operation (less than 2 × 106 words read per second), the static 6T cell design beats the
dynamic cells due to its low retention power. As the read frequency increases, the dynamic cells start
outperforming the static cell design. At high operation frequencies, the write and read power dominate
the total power consumption, and the 6T cell design has the highest write and read energies of all cell
designs.

In the dynamic cell region of the memory landscape, there are two regions which depend on the
write to read operation ratio. In a read only application, the cell design with the lowest read energy will
give the lowest power consumption, which is the 3T NW-PR cell design. In applications where there
are as many writes as reads, such as queues, the cell design with the lowest added read and write
energy will give the lowest power consumption. This is also the 3T NW-PR cell design, but for read
frequencies around 107 words per second, the low retention power of the 2T NW-PR cell design offsets
the additional operation power. Since the 3T NW-PR cell design outperforms the 3T PW-PR cell design
in every metric, the 3T PW-PR cell is not seen in the landscape as its power consumption is never the
lowest.

3.4. Moving to 4.2K
In this section, we will see how we can model cryo-CMOS effects by changing various aspects of the
model. First, we will see how changes due to cryo-CMOS affect the metrics. This is followed by an
overview of the modelled changes. Finally, we will see how these affect the memory landscape over
the application space.

3.4.1. Cryo-CMOS
When cooling CMOS devices to cryogenic temperatures, specifically to 4.2K, their device characteris-
tics change. We will first list some of the main effects that can be expected and the effect they have on
the memory metrics. Next, we will list how some of these effects are modelled.

Increased subthreshold slope The increase in subthreshold slope has a huge effect on the dynamic
cells as it severely reduces the subthreshold leakage through the write transistors. This means that
the retention time of the dynamic cells is expected to increase significantly. This results in a reduced
refresh rate and retention power consumption.

The same holds for the static cells. A decrease in leakage current will reduce the current flowing
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through the two inverters. This will lower the retention power consumption of the entire static array.

Increased threshold The increase in threshold voltage will increase the read latency slightly for ob-
taining the same bitline voltage or lower the yield/BER for the same read latency. Because the overdrive
on the readout transistors will be lower, the bitline (dis)charging currents will be smaller. This results in
smaller bitline margins and, therefore, increases the probability of offset and noise causing an incorrect
comparison.

Additionally, the retention time will be reduced slightly for dynamic cells. Since the write voltage
passes through a single pass transistor, one of the voltage levels will be reduced by the threshold
voltage. Increase in the threshold voltage therefore leads to a reduced difference between the two
storage-node voltage levels. This will lead to faster collapsing bitline voltages and therefore reduce the
retention time.

Finally, the gate capacitance will decrease slightly. Due to the higher threshold, less charge is
needed to charge the gate to the supply voltage. This means that the effective capacitance of the
wordlines will decrease slightly, lowering the energy needed for a read or write operation.

Reduced active region capacitance and leakage The reduction of the capacitance of the source-
to-bulk and drain-to-bulk junction diodes will lower the capacitance attached to wordlines and bitlines,
resulting in lowered read and write operation energy. Additionally, the leakage through the source-to-
bulk and drain-to-bulk diodes decreases. This leads to a higher retention time for dynamic cells, and
less leakage for static cells. This results in a lower retention power consumption for both cell types,
similar to the decreased subthreshold leakage.

Increased mobility The carrier mobility in devices increases, which leads to a larger current for the
same overdrive voltage. This will increase the speed of readout by increasing the current of the readout
transistor. However, this effect is reduced, or can even be cancelled, by the increase in threshold
voltage.

Increased mismatch The mismatch between devices increases at cryogenic temperatures. This
means that the variation between cells and sense amplifiers is expected to increase, resulting in lower
yield for the same refresh period. To keep a constant yield, this means that we will need to increase
the refresh rate of dynamic cells and therefore increase the retention power.

Reduced interconnect resistance The reduced resistance of metal interconnect at cryogenic tem-
peratures causes the RC time constant of wires to reduce. This results in slightly faster signal prop-
agation and could therefore also speed up the read and write operations, resulting in lower latency.
However, this will only be noticeable for long lines, where the propagation delay due to the RC time
constant of the line plays a significant role in the total operation latency.

Reduced noise The reduced temperature causes noise to decrease significantly. As a result, the
BER distributions (such as those shown in fig. 3.10) will move even further to the left, resulting in much
better average cell performance. However, since the yield decreases due to increased mismatch, the
right tail of the distribution will be slightly larger.

Modelled effects
Only the most relevant cryo-CMOS effects have been modelled, neglecting aspects that were too com-
plex for simple analytical model, aspects that roughly cancel out, or that are expected to be insignificant.
We will list three effects that have been modelled and explain how they are modelled.

Reduced leakage The reduction in leakage due to reduced subthreshold and diode leakage is mod-
elled for both dynamic and static cells. For the dynamic cells, the leakage reduction is modelled by
multiplying the x-axis of the simulated bitline voltage curves (such as those shown in fig. 3.7) by a
factor 50000. This results in expected retention time of about 1 s instead of 20µs, which is in line with
expectation from literature [56]. The leakage of static cells is assumed to go to zero. This is optimistic
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as there will still be some leakage, but it is hard to predict accurately and expected to be negligible
compared to the dynamic cell retention power.

In reality, the amount of leakage reduction depends on the activation energy of the dominant leakage
source. This causes the subthreshold leakage of the write pass transistors to drop significantly, until it is
no longer dominant. Leakage sources based on tunnelling effects, such as GIDL at the write transistors
and gate leakage at the readout transistors, have a much lower activation energy. This means that they
are less temperature dependent and are therefore expected to limit the retention time [13].

The readout leakage energy from the 2T NW-PR cell has also been reduced. Due to the increase
in threshold voltage, the total leakage energy is assumed to halve.

Reduced capacitance The reduction of capacitance for the transistor terminals (gate, source, and
drain) to the substrate is modelled by scaling the effective capacitances with a fixed factor. The wordline
and bitline capacitances are computed as the sum of metal (parasitic) capacitances and transistor
capacitances. Some of the parasitic capacitances are between metal and the substrate and their effect
may be reduced to the increased substrate impedance in series with the capacitance. However, most
parasitic capacitances are between metals and do not scale. Therefore, the parasitic capacitances
are assumed to remain constant and only the transistor capacitances are scaled. The scaling factor is
assumed to be 0.8× [37], but the memory landscape is not sensitive to the exact value.

Increased mismatch Finally, the increase in mismatch is also partially included in the 4.2K model.
Changes in mismatch between cells are hard to model and therefore ignored. The increase in mismatch
for the sense amplifiers is included, however, and assumed to increase the offset mismatch standard
deviation from 16.5mV to 17.5mV. This corresponds with the expected increase in threshold mismatch
(𝐴VT) for an NMOS or PMOS input pair with a length between 40nm to 120nm in [33]. This requires
a slight decrease of the refresh period to obtain the same cell yield.

3.4.2. Cryogenic results
Using the modelled effects mentioned previously, we can calculate new expected capacitance values
and memory metrics at 4.2K. Table 3.14 shows the memory metrics at 233K and 4.2K. Obviously,
the area will remain the same. The latency is assumed to be the same as the threshold increase and
mobility increase are assumed to cancel each other during a read operation, leading to roughly the
same optimal values. Additionally, the same BER target of 10−6 is still used to determine the refresh
period for the dynamic cells. Due to the increase in sense amplifier mismatch, the yield of the static cell
design gets slightly worse. Furthermore, all write and read energies decrease slightly, but this does not
change the order of the memories when sorted by those energy. Finally, the refresh rate of the dynamic
cells decreases significantly, leading to a reduction in retention power. Still, the 2T NW-PR cell design
has the lowest retention energy of the dynamic cells, but the 3T NW-PR design now has the highest
instead of the 3T PW-PR design due to a smaller decrease in refresh rate.

Table 3.14: Comparison between memory metrics at 233K and 4.2K.

2T NW-PR 3T NW-PR 3T PW-PR 6T
Metric 233K 4.2K 233K 4.2K 233K 4.2K 233K 4.2K

Area [µm2] 466 584 608 822
Latency [ns] 1 0.25 1 0.15
Cell yield 10−6 10−6 10−6 4.75 × 10−18 7.36 × 10−18

Write energy [fJ] 122.08 111.37 153.24 142.52 196.98 189.32 303.88 278.24
Read energy [fJ] 183.03 160.29 150.98 142.57 157.97 147.96 191.70 177.01

Retention power [nW] 457.05 0.008 42 541.99 0.012 26 605.45 0.011 74 23.06 0

Refresh rate [Hz] 51.01 k 1.026 58.42 k 1.399 55.23 k 1.126

Changes to the memory metrics at these temperatures lead to changes in the memory landscape
over the application space. The memory landscape at 4.2K is shown in fig. 3.22. We will list some
changes with respect to the memory landscape shown in fig. 3.21.
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Figure 3.22: 4.2K memory landscape showing the memory with the lowest power consumption over the application space with
read frequencies from 1Hz to 1GHz and average number of writes per read between 0 and 1.

The first obvious difference is that the boundary between static and dynamic cell designs has moved
to much lower frequencies. The retention power has reduced by several orders of magnitude while the
read and write energies are still comparable. This means that the frequency at which the retention
power starts to dominate is also several orders of magnitude lower and moves from over 106 to roughly
100 words read per second.

Additionally, the 2T NW-PR cell design becomes interesting for some applications with a lot of
writes. Previously, the 2T NW-PR was only interesting for a specific frequency range due to its lower
retention power than the 3T NW-PR cell. At 4.2K, the 2T NW-PR cell design becomes the best choice
for applications with on average 1.75 reads per write or less, such as queues or high write activity
working memories. This is due to the reduction in readout leakage that is specific to the 2T NW-PR
cell, lowering the read energy such that the added read and write energy of the 2T NW-PR cell are
lower than that of the 3T NW-PR cell. Again, the 3T PW-PR cell design never gives the lowest power
solution, and the 3T NW-PR cell design stays the best solution for read dominated applications such
as LUTs or low write activity working memories.

3.5. Model limitations and possible improvements
Although this model gives us some insight into the expectedmemorymetrics at cryogenic temperatures,
there are several shortcomings upon which to improve. We will list some limitations and improvements
which could make the model more complete and allow for better visualisation of the trade-offs.

• The model does not include the latency into the memory landscape. Memories with a read and
write latency of 1ns can never obtain a 1GHz write and read frequency. This happens in the
top-right corner of the memory landscapes where the 2T NW-PR cell memory is shown to be best
while it can not perform there.
To better visualise this trade-off between the fast and slow cell designs, the latency must be
included. Near the right side of the memory landscape, the read and write duration should be
shortened for the slower memory cell designs. This will automatically lead to worse BER and
therefore higher refresh rates and higher power consumption. As a result, the faster cell may
become the lower power option again.

• The latency of the instructions is fixed based on achieving the maximum margin and reasonable
bitline swings to maximise the retention time. Alternatively, a high frequency memory is not limited
by its retention power. As a result, the operation durations can be reduced at the cost of an
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increased refresh rate, but also result in smaller bitline swings and therefore lower operational
power consumption. This method may result in a completely different trade-off.

• The array size in the model is fixed. By varying the size of the memories, they may fit better
in a given application and the trade-off could be slightly different. Including the size is not that
difficult, since the capacitances will simply scale. However, the read operation durations will have
to increase to create the same bitline swing on the increased capacitance. The bitline curves can
not simply be scaled to model this and require simulation again. Additionally, effects such as the
2T NW-PR readout leakage change when changing the number of cells.

• The mismatch increase in the model only affects the sense amplifiers. In reality, the mismatch
between memory cells will also increase, resulting in a larger bitline spread, worse yield and
therefore more frequent refreshes. The cell mismatch is hard to model as it not only affects the
readout currents generated by the readout transistor, but also the weak state voltage drop across
the write pass transistor and the range of leakage currents through both transistors.

• The 4.2K behaviour is based on assumptions. We can qualitatively predict the effects of cryo-
CMOS characteristics on the designs, but converting quantitive cryo-CMOS characteristic changes
to quantative changes in the cell characteristics is hard.

• The calculations are based purely on simulations of preliminary schematics and layouts. This
means that there may be a mismatch between the model and an actual implementation if the
schematics or layouts have to change.

• The models are not complete. The area calculation does not include the timing-and-coordination
circuitry, the latency does not include the peripheral overhead, the yield and BER calculations only
assume normal and lognormal distributions, and the power calculations only include the energy
required to toggle the array lines and ignores the energy required to toggle the internal nodes of
the peripherals.

3.6. Conclusion
In this chapter, we have seen the development of a memory model which can be used to investigate
the trade-offs between the different memory cell designs based on area, latency, yield/BER, and power.
By using data from simulations performed at 233K, the different designs are compared and depending
on the operation frequency and read/write operation ratio the memory design with the lowest power
consumption can be selected. The model is expanded by including 4.2K cryo-CMOS characteristics
to predict performance at 4.2K which shows that the 2T NW-PR cell design becomes a better choice
for a larger range of applications.

At 233K, the static cell design requires the lowest amount of power for almost all applications, until
107 operations per second. Dynamic cells only start to become interesting for higher activity. The 2T
NW-PR and (mainly) the 3T NW-PR cell designs result in lower power consumption for high activity
applications.

At 4.2K, the boundary between static and dynamic cells moves down to only 300 operations per
second. As a result, dynamic cell designs become feasible for almost all applications. For write-heavy
applications, the 2T NW-PR cell design results in the lowest power consumption, while the 3T NW-PR
cell design gives the lowest power consumption for all other applications.

The main issue with the model is that the 4.2K behaviour is based on assumptions and can not
be modelled reliably. This limits the accuracy of the model and therefore the reliability of its results.
To address this issue, we will design memories in chapter 4, with the cells used in the model, to be
taped-out and measured. Measurement and characterisation results can then be used to calibrate and
improve the model, such that it can be used to guide decisions on the best memory cell design for a
given application in a cryogenic environment.





4
Memory design

In the previous chapter, we have seen how amemory model can be developed that can help us to select
the best memory cell design for an application. In this chapter, we will design a number of memories
that can be used to measure certain memory metrics at 4.2K to validate the output of the model.
Additionally, we can use the memories to obtain data that is used by the model, such as information
about mismatch, noise, and bitline voltages.

This chapter is structured as follows. First, we will cover the design process for the dynamic mem-
ories by designing the cell arrays, followed by the peripherals, in section 4.1. This is followed by the
design of the static memory in a similar fashion in section 4.2 which includes the design of a structure
to measure the SNM of the static cell design. This chapter is concluded in section 4.3.

4.1. Dynamic memories
In the following section, we will look at the design process for the dynamic cell memories. Although the
cell arrays are different, the schematics and layouts of the peripherals are similar or even reused. This
ensures that differences in performance are due to the cell designs instead of optimised peripherals.
Additionally, it significantly reduces design effort.

The structure of this section is as follows. First, we will look at the design of the cell arrays for each
of the dynamic cell designs. This is followed by the design of the peripherals: the row decoder, write
bitline drivers, sense amplifiers, and read data latches. Next, we will show the design of timing circuitry
used for generating the internal pulses that control the memory operations. Finally, all components are
combined to create the full memories.

4.1.1. Cell arrays
We will first look at the design of the cell arrays, as their design puts constraints on the peripherals.
The cell array loads the outputs of peripherals, such as the row decoder and write bitline driver, so the
array line capacitances needs to be approximately known before sizing the peripherals. Additionally,
matched layout pitch is required for efficient layout and matched rows and columns.

For each cell design, two arrays with different threshold flavour devices are designed. The arrays
are initially designed using mostly standard threshold devices and simulated at 233K simulator temper-
ature. Since the threshold will increase at cryogenic temperatures with approximately 100mV, we will
copy the same design but replacing the standard-threshold devices with low-threshold devices. It is ex-
pected that the standard-threshold arrays will work better at room temperature, while the low-threshold
arrays will work better at cryogenic temperatures.

2T NW-PR
We will first look at the 2T NW-PR cell, which is the smallest of the dynamic cells. It consists of only
two transistors, an NMOS pass transistor for write operations (NW) and a PMOS transistor for readout
(PR). The schematic and further operational details of this cell type can be found in section 2.1.2.

Thewrite pass NMOS transistor is sized to be aminimum size transistor with aW/L of 120nm/40nm.
Due to short channel effects, increasing the length will increase the threshold voltage and therefore re-
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Figure 4.1: 2T NW-PR cell area×retention-power product as a function of the read transistor width.

duce the highest voltage that can be written to the storage node. Increasing the width will allow for a
faster write, but also increase the leakage current, which will limit the retention time, and increase the
write wordline capacitive load and therefore the write operation energy. As shown in the simulation
results in fig. 3.4, a minimum width already results in a 10ps strong write duration and weak write ex-
ponential settling within 100ps. Finally, a minimum size write transistor will also help in achieving the
smallest cell area possible.

The readout PMOS transistor is sized with a W/L of 300nm/40nm. The transistor is sized by
comparing the bitline margins of read operations for various widths and lengths after a certain hold time.
A minimum length always results in the largest margins, so a minimum length transistor is used. This
results in an area-retention trade-off where a larger width increases the total area, but also increases
the storage capacitance and therefore increases the retention time.

Thewidth of the read transistor is determined by selecting the size that maximises the area×retention-
power product. This is determined by simulating the bitline margin of a read operation at various hold
times and read transistor widths. The retention power is inversely proportional to the retention time
which is defined as the hold time at which the nominal bitline margin becomes less than a certain
threshold. The area is proportional to the width of the read transistor added to a constant width which
is needed for the write transistor and required spacing overhead. Figure 4.1 shows these normalised
values for a range of widths for various minimal nominal bitline margins. For nominal bitline margins
around 300mV, which is required to obtain a high enough yield according to fig. 3.9, we find an optimal
read transistor width of around 300nm.

The layout of a tileable double-cell is shown on the left side of fig. 4.2 (distorted to protect exact
dimensions). The write pass transistors are at the top and bottom, and the readout transistors are in the
middle with a shared read wordline in the shared active region. In metal layer 2, there are two horizontal
read bitlines connected to the two readout transistors, and two horizontal write bitlines connected to
the write pass transistors. The wordlines run vertically in metal layer 3, and are shared between the
two cells. This layout therefore corresponds to a single row with two columns. Note that the cell layout
is rotated 90° with respect to the cell arrays shown previously (figs. 2.1 and 2.2).

The bitlines run on the second metal layer to improve their line capacitance. First of all, the second
metal layer runs horizontally, in the smaller cell dimension. This leads to a lower per cell capacitance
than vertical lines, which is important for bitlines since on average sixteen of them are toggled during an
operation, compared to only a single wordline (shown in eqs. (3.4) and (3.5), and eqs. (3.7) and (3.8)).
The bitlines are also covered by the wordlines and therefore their total capacitance is not influenced
by the metal patterns on layer 4 and above. This also shields the bitlines from lines running over the
memory which could affect the bitline voltages during readout. This makes the readout more reliable.
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Figure 4.2: Left: (distorted) layout of a pair of 2T NW-PR memory cells with highlighted NMOS write transistors (NW), PMOS
read transistors (PR), and wordlines (WL) and bitlines (BL) for read and write operations on both cells. Right: layout of 2T NW-PR
memory cell array with 32 rows, 32 columns, dummies, and well taps. See appendix A for layer legend.
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The shown layout is tileable when combined with a layout that is mirrored across the horizontal axis.
These two layouts can be alternated vertically and share the write wordline contact vias. Additionally,
these layouts can be alternated horizontally and share read bitline contact vias. This results in an
effective layout size of 1.26µm by 0.36µm for two cells, and a cell area of 0.2268µm2.

The cell design is tiled into an array, which is surrounded by a ring of dummy cells and two columns
of well taps. The ring of dummy cells ensures that cells near the edge of the array and in the middle
of the array match, by replicating the layout environment. The columns of well taps ensure that the
substrate potentials are set. This becomes harder at cryogenic temperatures due to freeze-out which
increases the substrate resistance significantly. This is not expected to cause issues for the array, since
the largest distance between a transistor and the corresponding well taps is 6.36µm. The layout of the
full array is shown on the right side of fig. 4.2 and consumes an area of 306µm2.

3T NW-PR
The 3T NW-PR cell design is very similar to the 2T NW-PR cell design, but includes the additional
transistor in the readout stack. Effectively, it is a 2T cell which is always in readout mode, but the readout
current is switched using an additional read pass transistor. The schematic and further operational
details of this cell type can be found in section 2.1.2.

The sizing of the 3T NW-PR cell is similar to that of the 2T NW-PR cell. The sizes for the write pass
and readout transistors are equal to those for the 2T NW-PR cell: 120nm/40nm and 300nm/40nm,
respectively. The read pass transistor is made as wide as allowed by the layout rules to minimise its
on-resistance without increasing the total cell area. This results in a W/L of 190nm/40nm.

Since there is no coupling between the read wordline and the storage node, the written storage-node
voltage is used directly for readout, contrary to the 2T NW-PR design where the storage-node voltage
is raised during readout. Due to the threshold voltage drop across the N-type write pass transistor
during a write-1 operation, the P-type readout transistor can not be fully put into cutoff and a read
operation will always cause an increase in the bitline voltage, resulting in a higher read operation
energy consumption. To combat this, the threshold of the readout stack transistors is increased, by
using high threshold voltage devices. This will slightly slow down the read after a write-0 operation,
but prevent charging of the bitlines after a write-1 operation. For the low-threshold variant of the cell
array, the readout stack is implemented using standard threshold voltage devices instead and the write
transistor is implemented using a low threshold voltage device.

The layout of a tileable cell is shown on the left side of fig. 4.3 (distorted to protect exact dimensions).
The N-type write pass transistor is at the top, and the P-type readout stack is at the bottom. Again,
the wordlines run vertically along the larger cell dimension on the third metal layer, and the bitlines run
horizontally along the smaller cell dimension on the second metal layer.

The cell design can be tiled into an array by mirroring across the cell boundary. The contact vias are
shared between neighbouring cells for reduced layout size. The resulting effective cell size is 0.83µm
by 0.36µm, or a cell area of 0.2988µm2.

Similar to the 2T NW-PR cell array, the single cell layout is tiled into an array and surrounded by
dummy cells and well taps. The resulting array layout is shown on the right side of fig. 4.3 and consumes
a total area of 369µm2.

3T PW-PR
Finally, the 3T PW-PR cell design is similar to the 3T NW-PR cell design, but only features P-type
devices and has an additional wordline connection. Due to the data-dependent coupling capacitance,
the storage node voltage difference is amplified during readout. The schematic and further operational
details of this cell type can be found in section 2.1.2.

The sizing of this cell is identical to the sizing of the 3T NW-PR cell design, and the layout is similar,
as shown on the left side of fig. 4.4 (distorted to protect exact dimensions). However, in the 3T NW-PR
cell design, the source of the readout transistor is connected to the supply voltage. This means that this
node can be shared with any neighbouring cell, regardless of its position in the memory array. In the
case of the 3T NW-PR cell design, the node is shared horizontally with cells in the same column. Since
the source of the readout transistor is now connected to the read wordline, the neighbouring cell at the
readout transistor source side must be in the same row, as it uses the same wordline. This means that
a group of four cells physically arranged as a 2×2 cell group functionally behaves as a single row and
four columns.
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Figure 4.3: Left: (distorted) layout of a 3T NW-PR memory cell with highlighted NMOS write transistor (NW), PMOS read
transistors (PR/PR’), and wordlines (WL) and bitlines (BL) for read and write operations. Read/write assignment for WLs depends
on the cell orientation in the array. Right: layout of 3T NW-PR memory cell array with 32 rows, 32 columns, dummies, and well
taps. See appendix A for layer legend.
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Figure 4.4: Left: (distorted) layout of a 3T PW-PR memory cell with highlighted PMOS write transistor (PW), PMOS read tran-
sistors (PR/PR’), and wordlines (WL) and bitlines (BL) for read and write operations. Read/write assignment for WLs and the
selection of the BLs from the BL pairs depends on the cell orientation in the array. Right: layout of 3T PW-PR memory cell array
with 32 rows, 32 columns, dummies, and well taps. The black line outlines the functional memory cells and shows the staggered
column pattern. See appendix A for layer legend.
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Figure 4.5: Interleaving of 3T PW-PR columns to shorten bitlines and maintain the desired cell array aspect ratio. Example
shows eight horizontal wordlines connected to two columns with four vertical bitlines each. The columns are cut and interleaved
to double the wordline length and halve the bitline length.

The horizontal wordline sharing issue leads to a high power consumption and layout issues if not
addressed. The height of a row will double, while the width of a column halves. This results in a cell
array which is long in the bitline direction and short in the wordline direction. This will halve the wordline
capacitance, but double the bitline capacitance. Since bitline capacitance contributes a large part of the
power consumption, this will increase the power consumption significantly. Additionally, the effective
bitline pitch is halved which results in impossible bitline peripheral layout.

The issue is solved by interleaving columns that do not share wordlines. For each column, a second
column is added with a vertical offset equal to a single cell height. This creates a staggered column
layout where the wordlines are not shared between the two neighbouring columns as shown in fig. 4.5.
However, bitlines are now shared between two columns and the total capacitance per bitline has not
halved. This is accepted for the write bitlines since there is no space for double the amount of write
bitline drivers. However, it is not acceptable for the read bitlines as they will significantly slow down the
speed of readout. Hence, the read bitlines are not connected together directly and instead the desired
bitline from each pair is selected for a read operation by a single sense amplifier.

The cell layout is again tiled into an array and surrounded by dummy cells and well taps. The right
side of fig. 4.4 shows the layout of the resulting array, where the staggered column layout is clearly
visible in the black outline which surrounds the functional memory cells, not including dummy cells and
well taps. On the right side of the array, the bitlines from the different columns are combined. The write
bitlines are connected together, and the read bitlines are grouped such that corresponding bitlines lie
close to each other.

4.1.2. Row decoder
To select a single row based on an address, we need to have a row decoder. It has to decode a 5bit
binary address into a one-hot 32bit signal. For the dynamic cell arrays, we need two row decoders:
one for the write wordlines and one for the read wordlines. All dynamic cell arrays have wordline pitch
of 360nm, which means that the pitch of the layout must also be 360nm. Additionally, some of the
memories require the wordlines to be all high, except the selected one. This can be achieved by adding
a single layer of inverters to the outputs of a decoder.

The row decoders uses a dynamic decoder design with predecoding. A standard dynamic decoder
design is shown in fig. 4.6. When the clock 𝜙 is low, the dynamic node is precharged to the supply.
When the clock 𝜙 is high, the dynamic node either stays high or is discharged through the pull-down
stack. By connecting the pull-down transistors to each address bit or its inverse, the dynamic node is
discharged for a single address only. This type of design requires less transistors than a static design,
uses less switching nodes, and is inherently glitchless.

A predecoder is used to further reduce the number of transistors and power consumption, as shown
in fig. 4.7. Instead of using four signal lines for two address bits and their inverse, the four signal lines
are used for a one-hot decoded version of those two bits. This allows us to use only a single transistor in
the pull-down stack for two address bits. This method is used for the four most significant bits, leading
to only two transistors in the pull-down stack. Additionally, the footer transistor is removed and instead
the least significant bit (LSB) address line and its inverse are gated by the clock. This also allows for
sharing of the bottom two transistors of the pull-down stack between neighbouring decoder sections.



50 4. Memory design

OUT

𝑉DD

𝜙

ADDR[0] or ADDR[0]

ADDR[1] or ADDR[1]

ADDR[2] or ADDR[2]

ADDR[3] or ADDR[3]

ADDR[4] or ADDR[4]

𝜙

Figure 4.6: Schematic for a single output of a 5bit dynamic decoder. The address of the output is encoded in selection of the
address bits or their complements in the pull-down stack.
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Figure 4.7: Schematic of a row decoder section for a wordline pair with transistor sizing. The PMOS/NMOS sizing of the final
inverters is 1.2µm

40nm /
0.6µm
40nm . The PMOS/NMOS sizing of the cyan inverters inserted for the one-low output design is 320nm

40nm / 240nm40nm .
The table shows how two address bits will get predecoded into a one-hot signal, allowing a shared NMOS stack of only two
transistors.
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Figure 4.8: Layout of a row decoder section for a wordline pair with one-high output. The gates of the MSB transistors are
connected to the PREDEC lines when all sections are combined to form the full array. See appendix A for layer legend.

We will first look at the sizing and layout of the LSB transistor, precharge transistor, and driver
inverters which should be fast enough to drive the wordlines and also fit within the row pitch of the
cell array. The precharge transistor is strong enough at minimum size (W/L = 120nm/40nm), and
the LSB transistor is sized at double minimum width and minimum length (W/L = 240nm/40nm) to
speed up the discharge of the dynamic node through the entire pull-down stack. The driver inverter is
sized such that the wordlines are toggled quickly, much faster than the duration of a clock (𝜙) pulse.
Additionally, the inverter must be able to provide readout current in case of the 2T NW-PR and 3T
PW-PR cells designs. This leads to a W/L of 1.2µm/40nm for the PMOS transistor and 0.6µm/40nm
for the NMOS transistor.

The inverted output decoder uses two inverters between the dynamic node and the output of the de-
coder. The final inverter is sized the same as the final inverter of the regular decoder. The intermediate
inverter has a PMOS W/L of 320nm/40nm and an NMOS W/L of 240nm/40nm.

The two NMOS transistors in the stack that are driven by predecoders are sized such that they will
not significantly limit the evaluation speed and not limit the layout pitch. This leads to a W/L for both
transistors of 300nm/40nm. These are connected to the LSB pair and the resulting layout is shown
in fig. 4.8.

Finally, the predecoder is designed using minimum sized static logic gates. The inset in fig. 4.9
shows the schematic of a 2bit predecoder at the logic gate level. For the full decoder, two of these
are used, together with some logic for gating the LSB with the clock as shown in the top part of fig. 4.9.
Only the output inverters for the LSB are sized to 4× and 2× minimum width for the PMOS and NMOS
transistors, respectively. In our application, the addresses will be applied well before the clock signal,
so only the signal path containing the clock is timing critical.

The separate decoder sections can be stacked into an array and connected to the predecoder.
Figure 4.10 shows the resulting layout, including the predecoder on the right side and added well taps.
The complete decoder has a height of 3.7µm and width of 15.1µm. All transistors are implemented
using low-threshold devices to speed up the room temperature operation, and at 4.2K the speed will
be even higher. Note that the leakage of the low-threshold devices is higher than that of the standard-
threshold devices at room temperature due to the finite subthreshold slope, which results in a trade-off
between speed and leakage power. However, the leakage difference at 4.2K is expected to be much
smaller as it is no longer dominated by subthreshold leakage but by low activation energy leakage
phenomena such as tunnelling currents. The increase in speed will reduce the peripheral latency
overhead required while increasing the leakage only slightly.

The complete decoder is simulated to determine the latency between the clock and the wordline
transition. Figure 4.11 shows the clock and selected wordline in a simulation including layout parasitics
at 233K using low-threshold devices. The resulting rising and falling edge delay are 131ps and 119ps,
respectively, in the typical process corner and should be taken into account during the design of the
timing signal generation circuits. Table 4.1 shows the rising and falling edge delay for all process
corners.
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Figure 4.9: Schematic of the 5bit predecoder. The inset shows the schematic of the 2bit predecoder used for the four most
significant bits.
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Figure 4.10: Layout of a row decoder with predecoder (right) and well taps. See appendix A for layer legend.
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Figure 4.11: Input clock, internal dynamic node, and output wordline voltages of the complete row decoder, including layout
parasitics, in the tt process corner at 233K.

Table 4.1: Row decoder latency across process corners.

Corner tt ss ff fs sf

Rising edge [ps] 131 182 96 128 135
Falling edge [ps] 119 161 91 126 115

4.1.3. Write bitline driver
To write data into the cells, we need drivers for the write bitlines. These drivers need to either use the
data applied externally for a write operation, or use the data from the sense amplifiers in case of a
refresh write operation.

The write bitline driver is designed using a static logic gate made from minimum size transistors
for input selection and a larger bitline driving inverter. The schematic for a single bitline is shown in
fig. 4.12. The static gate on the left side implements the logic function shown in eq. (4.1). The𝑊IN and
𝑊REF signals are driven using complementary signals, which means that output is either 𝐷IN or 𝐷REF
as expected, resulting in a 2-to-1 multiplexer with inverted output. The output inverter is sized with a
minimum length and 4× and 2× minimum width PMOS and NMOS, respectively.

𝐹 = 𝑊IN ⋅ 𝐷IN +𝑊REF ⋅ 𝐷REF (4.1)

The write bitline driver for the 3T PW-PR design is slightly altered. First of all, the output inverter
size is increased by a factor 2, since the write wordlines of the staggered columns are connected
together, therefore roughly doubling the capacitive load. An additional inverter with double minimum
width transistors is also added between the static logic gate output and the input of the driver inverter.
This improves the edge steepness at the driver inverter input and inverts the data to be written, which
makes the remainder of the dynamic cell memory designs more similar since the 3T PW-PR readout
is non-inverting.

The width of the write bitline driver must match the bitline pitch of the cells for efficient layout. Since
the pitches of the cells are all different, three different layouts are used as shown in fig. 4.13. However,
large parts of the designs are reused and stretched to fit the different bitline pitches. This minimises
additional design effort and keeps the peripherals as similar as possible.

Finally, the drivers can be stacked into an array with well taps at either end, similar to the stacking of
sections for the row decoder. This results in three arrays with a height of 2.8µm for the 2T and 3T NW-
PR designs and 3.8µm for the 3T PW-PR design. Due to the careful pitch matching, they fit exactly on
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Figure 4.12: Schematic of the write bitline driver with transistor sizing. For the 2T and 3T NW-PR memory designs, only the final
inverter is used with a PMOS/NMOS sizing of 480nm40nm / 240nm40nm . For the 3T PW-PR memory design, the cyan inverter is added
with a PMOS/NMOS sizing of 240nm40nm / 240nm40nm . The second inverter then has a PMOS/NMOS sizing of 960nm40nm / 480nm40nm .
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Figure 4.13: Layout of a write bitline driver section for each dynamic cell design. See appendix A for layer legend.
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Figure 4.14: Input data, selection signal, and output bitline voltage simulation of the 2T NW-PR write bitline driver with layout
parasitics in tt corner at 233K.

the cell arrays. All transistors are implemented using low-threshold devices to improve speed at both
room temperature and cryogenic temperatures.

The bitline driver is simulated to determine its latency from the inputs to the bitline voltage. It must
be fast enough to switch the bitlines before the row decoder enables the write pass transistors. If it is
too slow, the write duration is shortened and the data could be less reliable than expected. Figure 4.14
shows the responses of the decoder with a realistic bitline load when simulated at 233K. The speed
at 4.2K is expected to be higher.

The input-data-to-bitline delay and refresh-selection-to-data delay over the different process corners
is shown in table 4.2. During a regular write operation, the bitlines are set faster than the row decoder
can decode an address, so the write operation duration will not be shortened. During a refresh write,
the delay of charging the bitline is comparable to the row decoder latency in all corners. Since the
latency of the write timing pulse generation circuits needs to be added to the row decoder latency,
the bitlines can be charged fast enough for a refresh. Discharging is significantly slower than the row
decoder, but since a write to 0V is finished within 10ps (see fig. 3.4), shortening of the write operation
duration does not influence the storage node voltage.

Table 4.2: Write bitline driver latency across process corners.

Corner tt ss ff fs sf

𝐷IN to 𝐵𝐿 rising [ps] 70.4 98.7 51.9 69.4 74.6
𝐷IN to 𝐵𝐿 falling [ps] 95.8 137.4 68.1 101.7 94.0

𝑊REF rising to 𝐵𝐿 rising [ps] 135.5 187.0 100.1 139.3 137.0
𝑊REF rising to 𝐵𝐿 falling [ps] 207.0 291.8 149.5 209.6 211.0

4.1.4. Sense amplifier
After a read wordline has been activated for a certain read duration, a sense amplifier is needed to
retrieve the digital data from the cell using the bitline voltage. For the dynamic cell designs, this is
done by comparing the developed bitline voltage to an externally applied reference voltage. For the
2T NW-PR and 3T NW-PR cell designs, the reference voltage will be below half supply, while for the
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Figure 4.15: Sense amplifier schematic for 2T and 3T NW-PR memory designs.

3T PW-PR cell designs, the reference voltage will be above half supply. Additionally, the 3T PW-PR
cell array has double the amount of read bitlines due to the column interleaving. As a result, two sense
amplifier designs are used. In the following section, the sense amplifier design for the 2T and 3T NW-
PR cell designs is explained. This is followed by the changes needed to arrive at the design for the 3T
PW-PR cells.

The sense amplifier has to be small and fast, for efficient layout and low read latency. It must fit
in the bitline pitch of the cell array, like the write bitline drivers, and not slow down the read operation
significantly. However, since the mismatch between the read bitline voltages generated by the cells is
expected to dominate the yield and BER performance, offset and noise requirements are relaxed.

The core of the design is a cross-coupled inverter latch with a power gate and sampling pass tran-
sistors as shown in fig. 4.15. It is a simple design using only seven transistors and similar to a design
that has been used before in a cryogenic memory [56] but without the additional equalisation transistor.
During the sampling phase (EN=1), the pass transistors connect the internal nodes to the bitline and
reference voltage while the power gate disables the feedback. During the amplification and latching
phases (EN=0), the internal nodes are disconnected from their inputs and the supply is connected
through the power gate. With low input voltages, not enough to turn on the NMOS transistors of the
inverters, the offset is mainly determined by the threshold-voltage mismatch between the PMOS tran-
sistors of the inverters.

Two transistors are added on the bitline side of the sense amplifier: one for precharging the bitline
to ground and one for setting an externally applied voltage to the bitline. The precharge is needed to
erase data from the previous read operation and ensure that the bitline starts at 0V at the start of a
read operation. The second transistor allows us to take direct control over both sense amplifier inputs.
This can be used to characterise the sense amplifiers in terms of offset and noise by sweeping the two
voltages and performing measurements on them (see section 5.3 for details).

The transistors are sized such that the comparison is fast and the offset is not too large without
excessive area consumption. All NMOS transistors are minimum size, except for the bitline precharge
transistor, which has an increased width of 400nm. The latch PMOS transistors have a W/L of
600nm/115nm to increase their area in order to obtain a sufficiently low offset. The power gate PMOS
transistor also has a width of 600nm, but a minimum length of 40nm to minimise its on-resistance.
Almost all transistors are implemented using low-threshold devices to ensure that the thresholds of
the pass transistors are low enough at cryogenic temperatures and to maximise the speed. Only the
NMOS transistors of the inverters are implemented using high-threshold devices, since they could start
the comparison if either the bitline or reference voltage is larger than the threshold before the power
gate is enabled, resulting in leakage from the reference supply to ground.

The sense amplifier for the 3T PW-PR cell design is similar to the previously described design. The
schematic of this sense amplifier design is shown in fig. 4.16. Since the input voltages are high (above
half supply), the PMOS and NMOS transistors are swapped. Due to the double bitlines, an additional
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Figure 4.16: Sense amplifier schematic for 3T PW-PR memory design.

set of pass gates is added and each bitline gets its own precharge transistor. Using these pass gates,
we can select either of the two bitlines with the least significant bit of the address. This way, only one
of the two bitlines has to be discharged during a read operation. If instead the bitlines were connected
together, both would have to be discharged, resulting in a doubling of the bitline discharge read energy
and read latency.

The layouts of the sense amplifiers can be seen in fig. 4.17. Similar to the write bitline drivers, the
designs are similar and stretched to fit the bitline pitch. To improve matching of the transistors that
perform the comparison, dummies are added around them. These layouts can all again be stacked to
form the full sense amplifier array with well taps and dummies on either side.

The sense amplifiers are simulated to find the decision speed, noise, and offset. Figure 4.18 shows
the decision speed of the sense amplifier for the 2T and 3T NW-PR memory designs for input voltages
from 190mV to 210mV with 1mV step size and a reference voltage of 200mV at 300K. For small
input voltages, the output gives a clear decision within 200ps to 250ps, but with inputs of several 10s
ofmV to over 100mV, it will be less than 150ps. This delay is expected to decrease at 4.2K.

The input-referred offset and noise are simulated by performing multiple comparisons for fixed,
small input voltages, using Monte Carlo and transient noise simulations, respectively. These result in
an input-referred offset standard deviation of 12.6mV and input-referred noise standard deviation of
3.5mV. Both are lower than assumed in the memory model in chapter 3, so much better yield and
BER performance are expected. Figure 4.19 shows how the input-referred noise standard deviation is
computed from the average output of 64 comparisons of a transient noise simulation for several small
input voltages. Additionally, it shows an offset of roughly 5.2mV due to different loading of the two
output nodes, since this simulation uses perfectly matched devices. It is therefore a structural offset
for every sense amplifier and can be compensated by decreasing the reference voltage. Mismatch in
the load can cause some variation in this offset, which increases the total input-referred offset standard
deviation slightly.

4.1.5. Latch
A latch is added to the design to hold the output data of the sense amplifier. It ensures that the read
output data is stable during the next read, when the sense amplifiers are in sampling or amplification
mode.

The used design is a transmission-gate-based latch using minimum size transistors. The schematic
is shown in fig. 4.20 and the associated layout is shown in fig. 4.21. Again, the design is reused for the
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different cell designs and the layout is stretched to fit the bitline pitch.
The latch is simulated to find the latency and hold time. The clock-to-Q latency of the latch directly

adds to the read latency and is approximately 20ps to 30ps. The hold time of the latch is roughly
11ps and constrains the minimum delay between making the latches opaque and putting the sense
amplifiers in sampling mode, which is determined by the timing generation circuits.

4.1.6. Timing generation
To verify the bitline curves used by the model, we need to be able to vary the duration of the controlling
read and write pulses. These controlling pulses can be made using variable width pulse generators
by combining these pulses with delayed versions of itself using static logic. This requires a variable,
programmable delay chain to create both the variable pulse widths and delays.

The timing generation circuits for the different memories are exactly the same. This reduces the
design effort significantly, but also ensures that the timing of the different memories, for the same
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Figure 4.20: Schematic of transmission gate based
latch. All transistors are minimum sized.
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Figure 4.21: Layout of the latches for each dynamic cell design. See
appendix A for layer legend.



60 4. Memory design

…

IN

OUT

Figure 4.22: Schematic of delay chain constructed of stages with three inverters and two transmission gates (dashed box). Delay
settings are entered through the inputs at the bottom to select the chain length (one-hot) and the input at the top left to connect
the MOM capacitor.

timing settings, match as good as possible. In some cases, outputs of the timing generation circuits
are inverted to obtain the right signal polarity, which introduces one additional gate delay.

Programmable delay chain
A programmable delay chain can be designed by cascading a variable number of inverters. Thismethod
is used here, where two inverter chains run in opposite direction. By using transmission gates, the
inverter chains are shorted together at a certain point. This point determines the total length of the
chain and therefore the total delay. Figure 4.22 shows the schematic of several stages consisting of
three inverters and two transmission gates. Stacking multiple stages results in the described situation
with two inverter chains running in opposite directions. The number of inverters between input and
output can be varied with a multiple of two, resulting in a resolution of roughly 40ps.

The N- and P-type transistors in the delay stage are sized the same to improve layout regularity and
therefore matching between the stages. As a result, all NMOS transistors and PMOS transistors have
a W/L ratio of 300nm/40nm and 500nm/40nm, respectively, except for the selection signal inverters
shown at the bottom of fig. 4.22. This inverter lies outside the delayed signal path and is not used
frequently and therefore uses minimum size transistors to minimise layout area.

To improve the resolution of the delay chain, a metal-oxide-metal (MOM) fringe capacitor is added,
together with a transmission gate, at the input of the last inverter. When the transmission gate is
enabled, the transition is slowed down by roughly one inverter delay, resulting in a resolution of 20ps.
Since the smallest desired delays are in the order of 150ps to 200ps, this resolution gives an accuracy
of at least 13% and much better for larger delays.

The layout of a single delay chain stage is shown in fig. 4.23. All transistors are implemented using
low-threshold devices to ensure high speed at both room temperature (20ps resolution) and cryogenic
temperatures (< 20ps resolution), and the outputs and inputs are located such that multiple stages
can be stacked directly to form a longer chain. For very long chains, multiple shorter chains can be
stacked vertically. By mirroring each chain across the vertical axis, a meandering chain can be formed
which results in a lower aspect ratio at the cost of worse matching due to the mirroring.

Simulations including layout parasitics and Monte-Carlo mismatch show that the resolution of 20ps
can be achieved. Figure 4.24 shows the delay for each setting of 20 delay chains consisting of 32
stages and the optional capacitor, resulting in 64 possible delay settings. The rising edge delay results
in a straighter line than the falling edge, so the rising edge delay is used in the timing generation circuits.
The inaccuracy (𝜎𝜇 ) of the rising edge delay due to mismatch is at most 4.5% for low settings, but quickly
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Figure 4.23: Layout of delay chain stages. Left: first stage of a chain, including a MOM capacitor for increased resolution. Right:
regular delay stage, used throughout the rest of a chain. See appendix A for layer legend.

reduces to 1% or less for settings above 15.

Write timing generation
For the write operations, only a single pulse is needed to enable the write wordline for the desired
duration of a write operation. This can be implemented using a pulse generator, followed by driver
inverters to drive the entire row decoder.

The schematic of a variable pulse generator is shown in fig. 4.25. On a rising edge at the input, the
output will be high for approximately the delay of the delay chain and a single inverter delay. No pulse
is generated on the falling edge of the input. Since a write duration of 1ns is required to test the model
output, we need roughly 50 steps with a resolution of 20ps. Some margin is taken into account since
the delay chain is expected to become faster at cryogenic temperatures, so a delay chain with 64 steps
is implemented, using 32 inverter stages and a capacitor. This results in an expected maximum pulse
width of almost 1.3ns.

The layout of the write timing generator is shown in fig. 4.26. The drive strength of the output of
the pulse generator is increased using two inverters since it has to drive the clock gating logic gates
in the predecoder and the 32 precharge transistors of the row decoder. Using a fan-out of four as
guideline, the inverters are sized using 2/1× and 8/4×minimumwidth for the PMOS/NMOS transistors,
respectively.

Simulation results for varying settings show that the desired range of write operation durations can
be achieved. Figure 4.27 shows the simulated output pulse width as a function of the delay setting.
Fitting a linear expression to this simulation results in the expression shown in eq. (4.2) where 𝑁 ranges
from 1 to 64. The absolute difference between the simulated pulse width and the linearisation is less
than 6.5ps and less than 3ps for settings larger than 4.

Pulse width [ps] = 19.989 ⋅ 𝑁 + 27.282 (4.2)

The latency of the write timing generator is defined as the time between the rising edge of the input
and the rising edge of the output pulse and is between 98ps and 99ps for all settings (typical process
corner). This is large enough to ensure that the write bitline drivers have set the bitlines for a refresh
operation before the selected wordline is activated by the row decoder.

Read timing generation
For a read operation, a number of pulses are required to properly time different events throughout
the memory. These events, the controlling pulses, and the required relations between the pulses are
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Figure 4.26: Layout of the write timing generator consisting of a 64-step pulse generator and additional output inverters. See
appendix A for layer legend.
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shown in fig. 4.28. First, the latches are turned opaque and the sense amplifier is put in sampling mode.
During this phase, the sense amplifier is connected to the precharged bitline, which will also remove the
charge from the sense amplifier node. After the sense amplifier has been reset, the bitline precharge
is disabled and the read wordline is enabled. This requires non-overlap (NOv) to prevent a short circuit
current through selected cells and the bitline precharge transistors, which leads to unnecessary energy
consumption. After the bitline voltage has developed, the sense amplifier samples the bitline and
reference voltages and starts amplifying the difference, and the read wordline is disabled. Finally, the
latches turn transparent again and pass the result of the read operation, and the bitlines are precharged
again. A non-overlap is again required to prevent short circuit currents.

Using programmable delay chains, the duration of the sense amplifier precharge and the duration
of the read operation can be set. A maximum sense amplifier precharge duration of 300ps is desired
to guarantee that the sense amplifier is fully cleared, but shorter precharge durations may still result in
reliable results. A delay chain with 16 steps can achieve a maximum delay of at least 320ps. To also
investigate the effects of long read durations, a maximum is desired of at least 3ns. A pulse generator
with a delay chain with 192 steps gives a maximum delay of roughly 3.8ns.

These pulses can be generated with the desired amount of configurability by using a pulse gen-
erator with 192 steps, a 16 step delay chain, and some static logic gates. A schematic of the circuit
implementing the desired behaviour is shown in fig. 4.29. The sense amplifier test mode signal that
enables the transistor connecting the bitline to an externally applied voltage is also included to ensure
that the bitline precharge transistors are not connected and the read wordlines are not enabled when
the bitlines are forced externally (SATEST = 1). Large inverters are used on all outputs to ensure that
the loads can be driven with fast edges.

Figure 4.30 shows the layout implementing the read timing generation circuit. The pulse generator,
delay chain, logic, and output inverters are indicated using coloured boxes.

Simulation results for varying settings show that we can achieve the desired range of precharge and
read durations. The total precharge and read duration can be calculated from the settings of the two
delay chains with eq. (4.3), where𝑁16 and𝑁192 indicate the number of steps of the two delay chains that
are enabled, ranging from 1 to 16 and 192, respectively. This results in a precharge duration between
114.03ps and 405.57ps, and a read duration between 0ns and 3.6ns, both with a resolution of 20ps.

𝑡precharge [ps] = 94.59 + 19.44 × 𝑁16
𝑡read [ps] = 20.01 × 𝑁192 − 19.42 × 𝑁16 − 183.63

(4.3)

Table 4.3 shows the non-overlap, sense amplifier decision, and input-to-output latency duration of
the read timing generator in all process corners at 300K. The non-overlap durations must be large
enough to prevent wasting energy by draining the readout current to the precharge supply. The non-
overlap between the falling edge of the read bitline precharge and the rising edge of the read wordline
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Figure 4.30: Layout of the read timing generator consisting of a 192-step pulse generator, a 16-step delay chain, and additional
logic and output inverters. See appendix A for layer legend.

decoder enable signals is 36ps to 81ps across process corners. With the additional rising edge latency
of the row decoder, this guarantees more than 100ps non-overlap between the wordline voltage pulse
and precharge transistor gate voltage pulse in every process corner. The non-overlap between the
falling edge of the read wordline decoder enable and the rising edge of the read bitline precharge
signals is 138ps to 281ps across process corners. This is 45ps to 120ps longer than the falling edge
latency of the row decoder in the same process corner. This ensures that there is no short circuit
through the cells.

The sense amplifier decision time must be large enough to prevent latch kickback interference.
The sense amplifier decision time is 167ps to 337ps, which gives enough time for most inputs (see
fig. 4.18). Only for small inputs that get close to metastability, the kickback of the latch will interfere
with the decision. However, increasing the decision time will slow down the read operation latency.
Including the trigger to sense amplifier enable delay, around 450ps (tt corner) of latency overhead
needs to be added on top of the duration of the sense amplifier precharge and read operation for the
total read operation latency.

Table 4.3: Read timing generation non-overlap and sense amplifier decision time across corners.

Process corner tt ss ff fs sf

RBL precharge to RWL enable [ps] 53 81 36 51 56
RWL enable to RBL precharge [ps] 193 281 138 200 189
Sense amplifier decision time [ps] 233 337 167 241 228

Trigger to sense amplifier enable [ps] 156 223 113 148 163

4.1.7. Full memories
The previously mentioned circuits can be combined to create a full memory, according to the schematic
shown in fig. 4.31. The inverters shown in cyan need to be added for the 3T PW-PR memory to ensure
that the timing signal polarities are correct. Since pitch matching between the peripherals and cell core
has been taken into account from the beginning, the layout is compact and regular.

The layouts of the three dynamic memories can be seen in fig. 4.32. Two versions of each mem-
ory are put on chip: one with the described cell arrays, and one with cell arrays where the high- and
standard-threshold devices have been replaced with standard-/low-threshold devices, respectively. Ad-
ditionally, the final arrays are covered by a power and ground grid, created using the fourth and fifth
metal layer for power distribution. These layers are not visible in the figure in order to make the different
memory components visible.

The timing circuits are responsible for a large part of the area and power consumption due to the
high number of switching nodes. In an actual memory use-case, these would be replaced with less
flexible timing circuits based on, for example, dummy lines and cells in the array. This saves a lot
of area and power and still ensures that enough time has passed to generate enough signal on the
bitlines. To ensure that the timing circuits do not interfere with the power consumption measurements
on the core itself, separate supplies are used.

Simulations of the full memories show that all memory operations work. Data can be written, re-
freshed, and read successfully and with various timing settings.
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Figure 4.33: Static noise margin simulations of a 6T static cell with 𝛽 = 1.5 and all standard threshold devices at 233K, using a
300-point Monte-Carlo simulation with process (global) and mismatch (local) variation.

4.2. Static memory
The design of the static memory is similar to the dynamic memories, but there are some significant
differences. The static cell uses a single wordline, which means that only a single row decoder is
needed which is shared between write and read instructions. Additionally, the cells still use two bitlines,
but they are used differentially. This single pair of bitlines is also used for both read and write operations,
which requires additional coordination.

In this section, we will first look at the design of the static cell array. This is followed by the design of
the peripherals, specifically the bitline driver and sense amplifier. The timing generation is shown next,
including the additional coordination necessary for the static cell design. The cell array and peripherals
are then combined to form a full memory. Finally, an additional structure for measuring the SNM of the
cell design is shown.

4.2.1. 6T cell array
We start the static memory design by looking at the static cell array. The 6T static cell is the most
used static cell due to its small size, regular layout pattern, and proven design in many applications. It
consists of a bi-stable circuit consisting of two cross-coupled inverters and two pass transistors between
the internal nodes and the differential bitline pair. The schematic and further operation details of this
cell type can be found in section 2.1.2.

Designing a small and optimal 6T static memory cell array is not simple and often requires pushing
technology nodes to their limits to get the highest density. Design rules prohibit us from achieving
industry-standard high densities, but this gives a fair comparison baseline for the dynamic cells which
are designed using the same rules.

The schematic of the 6T static memory cell is shown in fig. 2.7. The load transistors (PL/PL’) are
minimum size transistors since they are only there to supply leakage current to the high-side node and
ensure that the data is not lost. The access transistors (NA/NA’) are also minimum size to ensure that
a read operation does not cause the cell to flip. The driver transistors (ND/ND’) also have a minimum
length, but a width equal to 1.5×minimumwidth. This ratio between driver strength and access strength
is called 𝛽 and is in this case therefore 1.5. Increasing the 𝛽 will make the cell easier to read, but harder
to write. Typically, a 𝛽 of at least 1.5 is used [21]. This leads to a stable cell, shown by the Monte Carlo
SNM simulation figures shown in fig. 4.33 under both process (global) and mismatch (local) variation,
with a worst case read SNM of 159.66mV for 300 half-cells.

Different cell layouts have been proposed over time, but for modern technology nodes (<90nm)
the Lithographically Symmetrical (LS) layout is often used [21]. On the left side of fig. 4.34, the tileable
LS layout of the designed memory cell is shown (distorted to protect exact dimensions). Similar to
the dynamic cells, the bitlines again run horizontally on the second metal layer along the smaller cell
dimension direction, while the wordlines run vertically on the third metal layer along the larger cell
dimension direction. The effective cell dimensions are 1.28µm by 0.42µm, which equals a cell area of
0.5376µm2.

This cell layout can be tiled into an array with a ring of dummies and two columns of well taps.
The resulting layout is shown on the right side of fig. 4.34. The total cell array area is approximately
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Figure 4.34: Left: (distorted) LS layout of a 6T static memory cell with highlighted inverter pair (PL/PL’ and ND/ND’), access
transistors (NA/NA’), wordline (WL), complementary bitlines (BL/nBL), supply (VDD), and ground (GND). Right: layout of 6T
static memory cell array with 32 rows, 32 columns, dummies, and well taps. See appendix A for layer legend.
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683µm2. Similar to the dynamic memories, one array is made using standard-threshold devices and
one array is made using low-threshold devices to compare room temperature and cryogenic tempera-
ture performance.

4.2.2. Bitline driver
Due to the use of a single complementary bitline pair that is used for both read and write operations, the
bitline driver has to become more complex. The memory can be in three operating modes: write, read,
and hold. In case of the write mode, the bitlines have to be driven differentially based on input data.
During the read mode, both bitlines need to be floating and the cells that are being read will develop
a voltage. When in hold mode, the bitlines have to be precharged to the supply to ensure that a read
operation can start at any moment.

The output stage of the bitline driver consists of an NMOS and PMOS transistor. From the operating
modes, we can derive the desired gate voltage levels for the two transistors in each mode. Table 4.4
shows a truth table, indicating the gate voltages needed for the bitline driving transistors as a function
of the mode and data input. A similar table holds for the transistors driving the complementary bitline,
except the data input is inverted.

Table 4.4: Truth table for gate voltages of bitline driving transistors for different modes and data.

Mode Data Description PMOS gate voltage NMOS gate voltage

Write 0 Pull bitline down 1 1
Write 1 Pull bitline up 0 0
Read - Leave bitline floating 1 0
Hold - Pull bitline up 0 0

The mode is derived from outputs of the timing circuitry. The read mode is recognised based on
an RBL signal which is low when the bitlines must be floating. The write mode is recognised based on
a WBL signal which is high when the bitlines need to be driven differentially. When neither conditions
are met, the bitlines must therefore be precharged to the supply. Note that both conditions can not be
met at the same time, as this would imply a simultaneous write and read operation.

Since the logic has to be done in a small area, within the width of the cell bitline pitch, a slightly
unconventional logic style is used where both gate voltages are created within a single logic gate.
The schematic of the bitline driver, including the driver transistors, is shown in fig. 4.35. To ensure fast
charging and discharging of the bitline, the driver transistors are larger than minimum size. Additionally,
to speed up the (dis)charging of their gates, the logic PMOS transistor widths have been increased.
This design is smaller than a fully static design and ensures non-overlap between the gate voltages
since the PMOS gate voltage is always larger than or equal to the NMOS gate voltage, which means
that a short circuit through the driver transistors is not possible. Note that there is a potential short circuit
path in the logic when RBL is low, WBL is high, and DATA is high, but this requires a simultaneous read
and write operation which can never be applied by the hardware driving the memory (see section 5.1.3).

Figure 4.36 shows the layout of the bitline driver for the static cell design, which fits in the bitline
pitch of the cell layout. The coloured boxes indicate the logic, the driving transistors for both bitlines,
and an inverter for the data for the inverse bitline. Similar to the layouts shown before, contact vias are
shared along the edges to improve density. This allows the design to be stacked into an array. Since
the array gets long (> 40µm), placing well taps at both ends is no longer sufficient. Therefore, well taps
are added throughout the array to ensure a well-defined substrate potential, even at cryogenic temper-
atures. To improve speed at room temperature, all transistors are implemented using low-threshold
devices. At cryogenic temperatures, the speed is expected to be even higher.

4.2.3. Sense amplifier
The core of the sense amplifier design is copied directly from the 3T PW-PR dynamic memory. During
readout, the bitlines for the static cell design also start precharged to the supply, and get discharged by
the cell. This requires the power-gated NMOS pair also used in the 3T PW-PRmemory sense amplifier.
Copying the core of the design also reduces design effort and again allows for a fair comparison with
the same peripherals. Only the length of the main NMOS pair transistors is increased from 115nm to
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Figure 4.37: Schematic of the sense amplifier for the 6T static cell memory design.

120nm for layout regularity reasons.
The difference with the dynamic memories is that both inputs of the sense amplifier are now con-

nected to the array. Instead of comparing a bitline against a reference, the complementary bitlines are
compared against each other to determine which is the high side and which is the low side.

To allow for characterisation of the sense amplifiers, an additional transistor is placed on either side.
This leads to the sense amplifier schematic shown in fig. 4.37. Note that there is no need to include the
bitline precharge transistors since the bitline drivers already ensure that the bitlines are precharged.
The latch core and access transistors are sized identical to the 3T PW-PR memory sense amplifier
design. The characterisation pass transistors are fast enough at minimum size, and all transistors
are implemented using low-threshold devices, except for the latch PMOS transistors which are again
implemented using high-threshold devices to prevent leakage.

The layout of the sense amplifiers is shown in fig. 4.38. It is similar to the layout of the sense
amplifiers for the dynamic cell arrays to match performance again. A ring of dummies is included around
the NMOS transistors that should be matched. Due to the much larger bitline pitch than the dynamic
cells, additional dummies are placed between neighbouring sense amplifiers to ensure a regular layout.

4.2.4. Row decoder and latch
The row decoder and latch designs are reused from the dynamic memories. Since the wordline and
bitline pitches are different, both layouts are stretched to match the new pitches.

4.2.5. Timing generation
The timing generation circuits from the dynamic memories are reused for the static memory to ensure
that we get similar pulse shapes for the same settings. However, due to the shared nature of the
wordlines and bitlines for read and write operations, the timing pulses need to be combined.

The row decoder enabling signal can be created by combining the wordline enabling signals from
both timing generation blocks through an OR-gate. To ensure that write operations can not be executed
when the sense amplifiers are characterised (SAtest = 1), the wordline enabling signal from the write
timing circuit is gated by the sense amplifier characterisation signal.

The bitline signals are kept separate going into the bitline driver, since the actions are different for
read and write operations. The bitline signal for the read operation is already generated by the read
timing circuit and can directly be connected. To generate the bitline signal for the write operation, the
write wordline signal is delayed using a delay chain and the resulting signal is combined with the original
wordline signal using an OR-gate. This ensures that the bitline is driven at least until the end of the
wordline enable pulse, with programmable extension to cover the row decoder delay. The resulting
signal is again gated by the sense amplifier characterisation signal to prevent driving the bitlines when
they are connected to the external reference voltages.
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Figure 4.39: Schematic of the timing pulse combining logic for the 6T static cell memory design.

The schematic of the pulse combining logic is shown in fig. 4.39. The logic gate sizes are shown
for PMOS/NMOS and indicate their width as a multiple of minimum width, with all lengths equal to
minimum length.

4.2.6. 6T cell memory
The previous circuits can be combined to form the full memory, which results in a layout similar to the
dynamic memories. The resulting layout is shown in fig. 4.40. The coloured boxes indicate the different
parts of the memory, and again it will be covered by a power and ground grid on the fourth and fifth
metal layers for power distribution.

4.2.7. SNM array
As mentioned before, a commonly used tool in static memory cell design is the Static Noise Margin
(SNM). To verify changes in the SNM at cryogenic temperatures, it has to be directly measured.

To accurately measure the SNM of a cell design, the measurement structure should resemble an
array. This ensures that the environment, and therefore stresses and proximity effects, are also en-
countered in the measurement structure. As a result, the measured characteristics are expected to
match the characteristics of actual memory cells in an array. Additionally, the characteristics of cells
will vary due to mismatch, so using an arrayed measurement structure allows for measuring multiple
cells. The data can then be used to derive cell statistics which are important due to the large number
of cells typically used in a memory array.

The arrayed SNM measurement structure is based on a structure proposed in literature [72]. To
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Figure 4.40: Layout of the full static memory design. The coloured boxes indicate the different memory components. See
appendix A for layer legend.

simplify the structure slightly, the input transmission gate has been removed and all inputs are con-
nected directly. Additionally, only two levels of output transmission gates are used. The first layer
selects a cell from each array column by using the wordlines, and connects them to the output bitlines.
A second layer selects a column and connects its bitline to the output. The transmission gate hierarchy
is shown in fig. 4.41 for a 4×4 array. Tri-state drivers at the top of the figure are used to drive the input
bitlines high or low for measuring the read and write SNMs. Leaving the bitline floating results in the
same effect as keeping the wordline low, since there is no DC current flowing through the access tran-
sistor, and is used to measure the hold SNM without the need for an additional wordline. An additional
second-layer transmission gate, in the bottom right of the figure, gives the possibility to connect the
input directly to the output for characterisation of the source follower which is treated later. To be able
to characterise cells made from both standard-threshold and low-threshold devices, half the columns
use standard-threshold cells, while the other half uses low-threshold cells.

To achieve the array-like environment, a group of four cells is altered in such a way that two cells
are replaced with selection transmission gates without breaking the array regularity. Figure 4.42 shows
the layout of such an array section and a section of the actual static cell array (distorted to protect exact
dimensions). The measured inverters and pass transistors are shown in the blue boxes. The layout
environment is similar up to about 1µm away as indicated by the green boxes. Between these mea-
sured structures, two minimum size transmission gates and an inverter are located, which implement
the first selection layer. The complete array with dummies around the edge, well taps, wordline and
bitline drivers, and the second layer of transmission gates is shown in fig. 4.43.

The impedance of minimum size transmission gates for mid-rail voltages can increase significantly
at cryogenic temperatures due to the increase in threshold voltage and mismatch. To prevent the
impedance getting to large, the transmission gates are implemented using low-threshold devices. Ad-
ditionally, the bulk terminal of the PMOS transistors of the transmission gates is exposed to a chip pad
which allows for back-biasing to further reduce the threshold voltage. If the impedance still increases
excessively, leakage at the output of the chip and in the measurement setup can cause the output
voltage to drift, preventing accurate measurement.

Source follower
To ensure low output impedance from the chip, the output signal is buffered by a source follower. The
schematic and layout of the source follower are shown in fig. 4.44. The source follower is implemented
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Figure 4.41: Schematic of a part of the SNM measurement array (4 × 4). The active wordline is supplied externally from a
static decoder. The bitlines are driven using tri-state buffers (indicated by the Z), and the column for the output is also selected
externally (inverters for the transmission gates not shown). Using the right-most column select transmission gate, the analog
input can be directly connected to the analog output.
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Figure 4.43: Layout of the full SNM measurement array.
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Figure 4.44: Schematic and layout of the output source follower for the SNM measurement array.

using thick oxide devices and operated with a supply of 2.5V to ensure enough headroom for the
threshold voltage shift between input and output.

The biasing current mirror allows for three possible biasing schemes. In the first case, current
biasing through the current mirror can be used by pulling a current from the bias node. Second, the
source follower bias transistor can be voltage biased directly by applying a voltage to the bias node.
Finally, the current mirror can also be disabled by pulling the bias node to the supply voltage. In that
case, the input transistor can be current biased through the output by pushing a current into the output
node.

The mapping between input and output can be calibrated since the array contains an additional
second-level transmission gate connecting the input directly to the output. By sweeping the input
voltage and measuring the output voltage, the transfer characteristic of the source follower can be
measured. This can be used to find the input voltage of the source follower from one of the cells by
measuring the source follower output.

4.3. Conclusion
In this chapter, several full memories have been designed with different cell designs. The peripheral
designs are varied as little as possible to ensure that any differences in performance are due to cell
design. Programmable delay chains are used to generate the timing signals which allows the cells to
be characterised with various signal timings. For the static cell design, an SNMmeasurement structure
is added such that the SNM of the design can be measured at both room temperature and 4.2K.



5
Design of test chip and test plan

In the previous chapter, we have designed several memories to be tested and characterised. Due to
the large number of digital inputs and outputs of the memory cores and the limited number of chip
pads, additional testing hardware is needed. It must be able to apply various operation sequences to
all memories at high speeds and reduce the amount of pads needed.

In this chapter, we will first cover additional hardware needed to construct a controller hierarchy with
a communication bus in section 5.1. This allows us to perform the desired testing and characterisation
operation sequences to the memories with sufficient flexibility to add tests down the line. Next, we will
see how all designs combine into a top level design in section 5.2. Finally, we list an initial set of test
and characterisation procedures in section 5.3 and conclude this chapter in section 5.4.

5.1. Testing
For testing and characterisation of the memories, sequences of operations need to be applied at rel-
atively high frequencies in order to be fast enough for measuring retention time and achieve a well
measurable power consumption. At room temperature, retention times are expected to be in the order
of a microsecond, so being able to read and write in the order of 100ns is required. Additionally, the
expected read and write operation energies derived in chapter 3 are in the range of 100 fJ to 200 fJ. An
operation rate of 10MHz then results in a power consumption of 1µW to 2µW, which can be measured
with high accuracy.

The required data rates do not allow us to apply memory operations from outside of the chip. For
example, for a write operation, at least five address bits and 32 data bits would be needed, resulting in
a data rate of 370Mbit s−1. Especially in a cryogenic measurement setup with several meters of cable
between the chip and measurement instruments, these data rates can not be achieved trivially. Addi-
tionally, latency measurements are unreliable due to the I/O circuitry in the pad ring which contributes
unknown latency.

A simple alternative is to use a Finite State Machine (FSM) that can apply several instruction se-
quences, generated on-chip and close to the memories. However, this solution lacks flexibility and
requires definition of the sequences that are to be tested during the design phase. Since many dif-
ferent tests are possible (see section 5.3), this would lead to a large and complex FSM and leave us
unable to test other operation sequences if unexpected results are encountered.

To achieve the desired flexibility, an addressed bus architecture is designed with a global controller
that initiates transactions and sends operations on a bus which are interpreted by local controllers. This
allows for a single complex global controller design that can be programmed with various instruction
sequences and simple local controllers at the memories. This solution gives us the desired memory
operation rate and enough flexibility to add test operation sequences even after tape-out.

5.1.1. Bus architecture
The architecture consists of single initiating or global controller, and multiple receiving or local con-
trollers connected to a single shared, addressable bus. As a result, only a single memory can be
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addressed at the same time. However, this is not an issue as our goal is to characterise each memory
individually.

The bus consists of a clock, a reset, an operation code, an address, read and write data, and
handshaking signals which are inspired by the handshake in the AXI protocol [73]. The clock is simply
the global clock used to synchronise all the digital circuits. The reset signal is a synchronised version
of the input reset from the reset I/O pad. In the remainder of this section, we will see the use of the
remaining bus signals and what the waveforms look like during a transaction.

The operation code is a 2bit signal which selects one of three possible operation. A write operation
is encoded as 00, a read operation is encoded as 01, and a refresh operation is encoded as 10. The
code 11 also decodes to a read operation to ensure the least intrusive operation is performed in case
of an error or glitch.

The address is a 10bit signal which represents the entire address space seen by the global con-
troller. It is designed such that each row from eachmemory can be addressed. The four most significant
bits are used to select one of at most sixteen local controllers. The five least significant bits are used
to address a row in the memory connected to the selected local controller. The remaining bit is used
to address the settings register located in the local controller, which is covered in more detail later.

Two 32bit unidirectional data busses are used for the write and read data. The write data bus is
driven by the global controller and received by all local controllers. The read data bus is driven by only
the selected memory using tri-state buffers and received by the global controller.

The handshaking signals ensure that transactions of various durations are successfully transmitted
and that data is captured before it is removed from the bus. Table 5.1 shows the bus waveforms corre-
sponding with the instructions that can be sent across the bus. A brief description of each transaction
is given below, going from left to right in the figure.

Table 5.1: Waveforms on the bus lines showing the handshaking protocol for a write, read, and refresh operations. When a bus
is grey, its binary value does not matter and can be changed. When a bus is white, its value must be kept constant by the driver.

CLK
RESET

OP Write Read Refresh

ADDR
DATAW
DATAR
VALID

READY

Write In case of a write operation, the global controller supplies the operation code, the address, and
write data to the bus and asserts the VALID signal to indicate that the instruction is valid. The address
and write data are taken from the bus by a local controller and a write operation is executed on its
memory if the settings register address bit is 0, or on its settings register if the settings register address
bit is 1. Once the write instruction is completed, the READY signal is asserted. The global controller
then acknowledges the completion by deasserting the VALID signal, and the transaction is completed
by the local controller deasserting the READY signal.

Read In case of a read operation, the global controller supplies the operation code and the address,
and asserts the VALID signal to indicate that the instruction is valid. The address is taken from the bus
by a local controller and a read operation is executed on its memory, if the settings register address bit
is 0, or on its settings register if the settings register address bit is 1. Once the read data is available,
the local controller puts it on the bus and asserts the READY signal. The global controller then takes
the read data from the bus and deasserts the VALID signal once the data has been copied. The local
controller then knows the data is read and can deassert the READY signal to complete the transaction.
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Manual bus controller
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Sync.Reset

Clock

Shift enable/data in/clock Shift data outShift select
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Bus term.

Figure 5.1: Structural architecture of the global controller consisting of a programmable controller and a manual bus controller
connected to a bus arbiter. The clock is connected to all blocks, except the bus terminator, and is not shown for clarity.

Refresh In case of a refresh operation, the global controller supplies the operation code and the ad-
dress, and asserts the VALID signal to indicate that the instruction is valid. The address is taken from
the bus by a local controller and a read operation is executed, followed by a refresh write operation,
if the local controller has a dynamic memory. Once the instructions are completed, the READY signal
is asserted. If the local controller has a static memory, or the settings register address bit is 1, the
instruction is directly acknowledged by assertion of the READY signal. The global controller then ac-
knowledges the completion by deasserting the VALID signal, and the transaction is completed by the
local controller deasserting the READY signal.

5.1.2. Global controller
The global controller must be capable of applying memory operations at high speeds, while maintaining
a high degree of flexibility. This can be achieved by using a programmable microprocessor with custom
instructions to interface with the bus. To provide the ability to manually verify or apply operations, a
separate bus controller is added. It can also be used to test microprocessor programs which interface
with memories by manually overwriting memory data, simulating a certain memory fault. Since the
manual bus controller also initiate a bus transaction, a bus arbiter has to be included to ensure that
only one initiator has bus control.

Additionally, a bus terminator is included to ensure that the parts of the bus driven by the receiving
controllers are never floating. As mentioned before, the address signal has space for sixteen local
controller, but not all addresses are used. If a non-existent address is applied on the address lines, the
bus terminator takes control and grounds the read data and READY signals.

Finally, since the global controller interfaces with signals generated off-chip, double flip-flop syn-
chronisers are added to synchronise the asynchronous inputs. This leads to the global controller ar-
chitecture shown in fig. 5.1. In the following sections, we will cover the blocks in more detail.

Microprocessor architecture
The programmable microprocessor follows largely a standard single-cycle processor architecture with a
limited instruction set, the block diagram of which is shown in fig. 5.2. Two blocks are added specifically
for this application, namely the bus interface and the error counter bank. Additionally, the error counter
bank has the power the interrupt execution, which is further explained later. All the memory elements
shown in this block diagram are implemented using flip-flops to ensure that these memories work.

Instruction set The instruction memory of themicroprocessor supports 32 instructions of 19 bits. The
19 bits encode an instruction following the encoding shown in table 5.2. A description of the different
opcodes (OP) is shown in table 5.3. Registers RS1/RS2 indicate the two source registers, while register
RD indicates the destination register. IMM and IMMB indicate immediate values for calculations and
for program counter (PC) offsets for branch instructions, respectively.
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interface BUS
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Figure 5.2: Structural schematic of the microprocessor. The data path is shown in black, the control path is shown in cyan, and
the shift register is shown in grey. Shift register control signals, reset, and clock are not shown.

Table 5.2: Instructions bit encoding.

Instruction word bits
18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

OP RD/IMMB RS2/IMM RS1

Although there are 16 different instructions listed in table 5.3, other instructions can be made from
these instructions. For example, the no-operation (NOP) instruction can be implemented in multiple
ways, by performing an addition with the zero register for all operands, or a ’branch if unequal’ operation
with the same register for both operands. Also note that the execution of the entire processor can be
frozen with an all-zero instruction word. This will cause the PC to stay at its current value until the
processor is reset and can be used at the end of a program.

The instructions are decoded by the instruction decoder according to table 5.4. The outputs are
used in the program counter, ALU, register file, bus interface, and error counter bank:

• IS_BRANCH: used by the PC to determine whether the counter value is incremented by 1 (0)
or a new counter value has to be computed with IMMB, and optionally selected based on the
comparison result of the ALU (1).

• ALU_OPCODE: used by the ALU to select its logical function.

• ALU_OP2_SEL: used by the ALU to determine whether its second operand comes from the reg-
ister file (0) or from the IMM field of the instruction (1).

• WRITE_RD: used by the register file to determine whether the destination register has to be written
to (1) or not (0).

• HALT_ALLOWED: combined with an output from the bus interface to halt the PC when performing
a bus operation.

• BUS_INT_EN: indicates whether the bus interface is enabled.
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Table 5.3: Description of the instruction for each opcode. The five instructions with opcodes 1000 to 1100 use the bus.

Opcode Instruction description Pseudo code equivalent

0000 Branch if equal if $rs1 = $rs2: PC = PC + immb
0001 Branch if unequal if $rs1 != $rs2: PC = PC + immb
0010 Branch if less than if $rs1 < $rs2: PC = PC + immb
0011 Branch if less than or equal if $rs1 <= $rs2: PC = PC + immb
0100 2s complement register add $rd = $rs1 + $rs2
0101 Bitwise register XOR $rd = $rs1 XOR $rs2
0110 Register shift left $rd = $rs1 << $rs2[4:0]
0111 Register shift right $rd = $rs1 >> $rs2[4:0]
1000 Write over bus write(data = $rs1, address = $rs2[9:0])
1001 Refresh over bus refresh(address = $rs2[9:0])
1010 Read and store $rd = read(address = $rs2[9:0])
1011 Read, compare, accumulate errors += (($rd = read(address = $rs2[9:0])) != $rs1)
1100 Read, compare, halt if ($rd = read(address = $rs2[9:0])) != $rs1: halt
1101 Sign extended imm. add $rd = $rs1 + imm
1110 Immediate shift left $rd = $rs1 << imm
1111 Immediate shift right $rd = $rs2 >> imm

• BUS_INT_OP: used by the bus interface to select the bus operation.
• ERR_CNT_EN: indicates whether the error counter bank is enabled.
• ERR_CNT_OP: used by the error counter bank to select whether the errors need to be accumu-
lated, or execution should be halted once an error is encountered.

• READ_OP: indicates whether the bus operation is a read operation to ensure that the register file
waits until the read operation is completed before capturing the read data.

Bus interface The bus instructions cause the bus interface to send a message on the bus and tem-
porarily halt the processor until the transaction is completed. When a bus instruction is encountered,
the decoder triggers the bus interface FSM, shown in fig. 5.3, to start the bus transaction sequence.
The HALT output is combined with the instruction decoder output HALT_ALLOWED using an AND-gate.
This combination will halt the PC from the moment the bus instruction enters the decoder until the bus
interface FSM deasserts its HALT output. The READ_VALID output is used by the register file to store
the data from a read instruction after it has been received.

The bus interface contains registers at the bus side to ensure that the bus outputs are stable and
the bus inputs have enough time to settle. The structural architecture of the bus interface is shown in
fig. 5.4. The output registers are updated when a bus instruction is applied (SEND=1) and the READY
signal is not yet set. The input registers are always updated and contain the latest values from the bus.

Error counters The error counters are responsible for storing the comparison results of the read and
compare instructions. In both cases, the read data is compared bitwise with the data in a specified
register. The error counter bank contains 32 10bit registers which can be used to accumulate the
amount of differences encountered during multiple read operations for every bit position with read,
compare, and accumulate instructions.

The error counters can also be used to halt execution once a single error has been encountered.
A STOP register that can only be reset using the RESET signal, is set once an error is encountered
during the read, compare, and halt instruction. The output of the STOP register can overwrite the
program memory output with an all-zero instruction word, as shown in fig. 5.2, which will cause the
entire processor to freeze until it is reset again.

Programming and readout Programming the processor and reading out the results is done through
a shift register that passes through the program memory, the register bank, and the error counters, as
indicated in fig. 5.2. This results in a total shift register length of 32×19+31×32+32×10 = 1920bit.
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Table 5.4: Instruction decoder outputs for each opcode.

Opcode I
S
_
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R
A
N
C
H

A
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U
_
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P
C
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_
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_
S
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0000 1 COMP_EQ 0 0 0 0 WRITE 0 ACC 0
0001 1 COMP_NEQ 0 0 0 0 WRITE 0 ACC 0
0010 1 COMP_LT 0 0 0 0 WRITE 0 ACC 0
0011 1 COMP_LTEQ 0 0 0 0 WRITE 0 ACC 0
0100 0 ADD 0 1 0 0 WRITE 0 ACC 0
0101 0 XOR 0 1 0 0 WRITE 0 ACC 0
0110 0 SHL 0 1 0 0 WRITE 0 ACC 0
0111 0 SHR 0 1 0 0 WRITE 0 ACC 0
1000 0 COMP_EQ 0 0 1 1 WRITE 0 ACC 0
1001 0 COMP_EQ 0 0 1 1 REFRESH 0 ACC 0
1010 0 COMP_EQ 0 1 1 1 READ 0 ACC 1
1011 0 COMP_EQ 0 1 1 1 READ 1 ACC 1
1100 0 COMP_EQ 0 1 1 1 READ 1 HALT 1
1101 0 ADD 1 1 0 0 WRITE 0 ACC 0
1110 0 SHL 1 1 0 0 WRITE 0 ACC 0
1111 0 SHR 1 1 0 0 WRITE 0 ACC 0

𝑆1

𝑆3

𝑆2

𝑆4

𝑆5

𝐶2

𝐶1

𝐶3

𝐶3

Outputs
State Name HALT READ_VALID VALID

𝑆1 Reset 1 0 0
𝑆2 Wait for ready (write/refresh) 1 0 1
𝑆3 Wait for ready (read) 1 0 1
𝑆4 Read data 1 1 1
𝑆5 Continue processor 0 0 0

Condition Description

𝐶1 SEND = 1 & READY = 0 & OP != read
𝐶2 SEND = 1 & READY = 0 & OP = read
𝐶3 READY = 1

Figure 5.3: State diagram of the bus interface FSM. If a none of the departing conditions are met, the state is held.



5.1. Testing 83

FSM

Output
reg

Input
reg

BUS

Read data

Write data/OP/Address

HALT

READ_VALID

OP VALID

READY

SEND

Figure 5.4: Structural schematic of the bus interface.

During programming, this allows us to initialise the registers and error counters to desired values without
having to spend instructions to do so. During readout, the program and its results are automatically
combined, which allows for easy documentation of results and the program that produced them.

The shift register design uses three control signals, a data input signal, and a data output signal.
A selection control signal is used to select either the shift register from the programmable controller or
from the manual bus controller. A shift enable signal puts the shift register in shifting mode, connecting
all the registers in a chain. A shift clock signal drives an edge detector that will cause the shift register
to shift a single position on a rising edge. This allows the shift clock to be any speed, so we can ensure
functionality even with long interconnect paths such as in the cryogenic measurement setup.

The processor can be read out when the program has finished, or when the program has halted the
processor. As mentioned before, the processor can be halted using an all-zero instruction word. Addi-
tional logic is added to compare the current instruction (after the multiplexer with the all-zero instruction
word) with the all-zero instruction word. When the shift register is not enabled, the shift out signal is
overwritten by the result of this comparison. This allows us to see if the program has terminated and
the results are ready to be shifted out.

Manual bus controller
The manual bus controller is programmed and read out using a second shift register and controlled by
a simple FSM. The architecture is shown in fig. 5.5 and the FSM state diagram is identical to the one
shown in the bus interface in fig. 5.3, except the HALT output is inverted to VALID_CLEAR, the VALID
output is removed, and the SEND input is driven by the VALID register output. The bus operation code,
address, data, and valid registers are set using the shift register, resulting in a total shift register length
of 45bit. The valid register is at the end of the shift register and therefore allows us to see whether the
operation is completed yet, similar to the programmable controller. The FSM determines when the valid
field is deasserted, depending on the bus operation code, and allows the data field to be overwritten in
case of a read operation.

Bus arbiter
The bus arbiter ensures that the processor and manual bus controller do not drive the bus at the same
time. This is implemented using a two-state FSM, which is shown in fig. 5.6. By default, the processor
is connected to the bus (INPUT_SELECT = 0). Only when the manual bus controller want to make a
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Figure 5.5: Structural schematic of the manual bus controller. The grey line indicates the shift register.
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𝑆1

𝑆2

𝐶1 𝐶2

Outputs
State Name INPUT_SELECT

𝑆1 Programmable controller 0
𝑆2 Manual controller 1

Condition Description

𝐶1 VALID_0 = 0 & READY = 0 & VALID_1 = 1
𝐶2 VALID_1 = 0 & READY = 0

Figure 5.6: State diagram of the bus arbiter FSM.

bus transaction (VALID_1 = 1) and the bus is free (VALID_0 = 0 & READY = 0), is the bus handed
to the manual bus controller (INPUT_SELECT = 1). Once its transaction is finished (VALID_1 = 0
& READY = 0), the bus is immediately handed back to the processor. This minimises the additional
bus delay experienced by the processor since bus negotiation is almost never needed.

Implementation
The global controller is synthesised using Cadence Genus and implemented using Cadence Innovus.
Additional hold margins of 50ps are included to ensure that the logic will still work at cryogenic tempera-
tures. The logic is expected to become faster at cryogenic temperatures, which is especially dangerous
for hold requirements as they can not be fixed by changing the clock frequency, contrary to setup viola-
tions. Additionally, the density of well taps has been increased to a well tap spacing of 8µm to reduce
the latch-up risks associated with the increased substrate resistance. This spacing has been used in
previous cryogenic logic designs in which no latch-up issues have been encountered.

To obtain a memory operation frequency of about 10MHz, the system has to run at 100MHz.
Including loop and bus transaction overhead, about ten clock cycles are needed for a memory operation
to complete. The timing constraints at a clock frequency of 150MHz are satisfied for both synthesis and
implementation, which means that the clock frequency could even be increased to push the memory
operation frequency higher during testing.

5.1.3. Local controller
Each memory will be accompanied by a local controller which monitors the bus and executes memory
operations that are targeted at its memory. The local controllers also store settings for their memories,
such as delay chain settings or the sense amplifier test mode. Additionally, a launch-capture register
pair is included to measure the read latency of each memory.

Architecture and FSM
The local controller consists of an FSM which is responsible for interpreting the bus command and
controlling the data flow between the bus, memory, and several registers. The architecture of the
general local controller is shown in fig. 5.7. Depending on the application of the local controller, not all
registers or functionalities are included. The bus interfaces on the left, the memory interfaces on the
right. The address comparator compares the upper four address bits with its local address to determine
if it is selected. If it is selected, the bus output tri-state buffers are enabled. The different sections of the
settings register are decoded using static decoders into the format needed by, for example, the delay
chains.

The FSM diagram is shown in fig. 5.8, where the application dependent parts are indicated. For
example, the local controller connected to the static memory does not support a refresh instruction and
instead skips the blue states (𝑆6 and 𝑆7) and immediately acknowledges the instruction by going to
the ’write done’ state (𝑆4). Similarly, the local controller accompanying the static cell SNM array does
not support any memory operations and only has a settings registers to enable selected transmission
gates. In that case, only the grey states are implemented.
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Figure 5.7: Structural schematic of a local controller.

Measuring latency
To measure the total latency of a read operation, a launch-capture-synchronise register setup is used
as shown in fig. 5.9. At the rising clock edge, the inputs to the memory are updated. After a delay set
by a delay chain (Δ𝑇), the outputs of the memory are clocked. If the latency of the memory is lower than
the Δ𝑡−𝑡clk-to-q−𝑡setup, the outputs are correctly captured, otherwise the previous value is still captured.
By performing a read operation with a different expected output than the previous read, errors can be
detected if Δ𝑇 is too small.

To ensure that even results from the maximum read duration can be captured, a delay chain with
256 steps is used, resulting in a maximum delay of approximately 5.12ns. This way, the entire latency
measuring system can effectively be disabled by setting it to the maximum delay possible.

To characterise the delay chain, an exact copy of the 256-step delay chain in a ring oscillator (RO)
configuration is included in the design. This is required to measure the delay chain’s setting-to-delay
mapping at room temperature and cryogenic temperatures and correct for changes in stage delay at
different temperatures. This ring oscillator is attached to a local controller with only a settings register,
similar to the SNM array. This allows us to vary the delay of the chain by sending write commands
on the bus, from which the setting-to-delay mapping can be approximated. See section 5.3 for more
details on the test procedure.

Settings register
The local controllers contain a settings register which stores the memory and testing settings. The
mapping of these settings varies between the local controller types, as shown in table 5.5. This table
shows what each bit from every local controller is used for. The maximum size for the settings register
is 32bit, but only the required length is actually implemented to save area.

Implementation
Like the global controller, the local controllers are also synthesised using Cadence Genus and im-
plemented using Cadence Innovus with an additional hold margin of 50ps and high well tap density.
Timing constraints are met with a target clock frequency of 500MHz. This is larger than the intended
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𝑆1

𝑆3

𝑆2

𝑆5

𝑆6

𝑆8

𝑆4 𝑆7

𝑆9

𝑆10

𝐶3

𝐶1 𝐶2

𝐶2 𝐶4

𝐶5

𝐶6𝐶2

Outputs
State Name SET_W SET_R TRIG_W LOAD_W REF_FLAG TRIG_R LOAD_R READY

𝑆1 Reset 0 0 0 0 0 0 0 0
𝑆2 Read settings 0 1 0 0 0 0 0 1
𝑆3 Write settings 1 0 0 0 0 0 0 0
𝑆4 Write done 0 0 0 0 0 0 0 1
𝑆5 Write 0 0 1 1 0 0 0 0
𝑆6 Refresh read 0 0 0 0 0 1 0 0
𝑆7 Refresh write 0 0 1 0 1 0 0 0
𝑆8 Read 0 0 0 0 0 1 0 0
𝑆9 Read memory 0 0 0 0 0 0 1 0
𝑆10 Read done 0 0 0 0 0 0 0 1

Condition Description

𝐶1 VALID & SELECTED & ADDR[5] & OP != write
𝐶2 !VALID
𝐶3 VALID & SELECTED & ADDR[5] & OP = write
𝐶4 VALID & SELECTED & !ADDR[5] & OP = write
𝐶5 VALID & SELECTED & !ADDR[5] & OP = refresh
𝐶6 VALID & SELECTED & !ADDR[5] & OP = read

Figure 5.8: General state diagram of the local controller FSM. The local controllers for the dynamic memories use the entire
diagram. The blue states are removed in local controllers for the static memories since they can not refresh. The red and blue
states are removed in the local controller for the SNM array and delay chain ring oscillator (see section 5.1.3) since they only
need a settings register.

MemoryInputs Outputs

CLK
Δ𝑇

Launch Capture Synchronise

Figure 5.9: Launch-capture-synchronise register latency measuring setup. If the latency of the memory is less than Δ𝑇 − 𝑡CQ −
𝑡setup, the latency from input to output is one clock cycle. If the latency is larger, the input to output latency is two clock cycles.
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Table 5.5: Allocation of settings register of different local controllers.

Bit Dynamic memory Static memory SNM array RO

0

256-step capture
register delay
chain setting

256-step capture
register delay
chain setting

32 row select
256-step RO delay
chain setting

1
2
3
4

5

16 column select6
7

8

192-step read
delay chain setting

192-step read
delay chain setting

Enable RO

9 Enable bitline -

10 Bitline data -

11 Test source fol-
lower -

12 - -
13 - -
14 - -
15 - -

16
16-step read delay
chain setting

16-step read delay
chain setting

- -
17 - -
18 - -
19 - -

20

64-step write delay
chain setting

64-step write delay
chain setting

- -
21 - -
22 - -
23 - -
24 - -
25 - -

26 Sense amplifier
test mode

Sense amplifier
test mode - -

27
Enable constant
write bitline back-
ground 16-step write delay

chain setting

- -

28
Constant write
bitline background
data

- -

29 - - -
30 - - -

31 - - - -
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clock frequency of 100MHz, allowing for a higher clock frequency to increase the memory operation
frequency beyond 10MHz.

The layout of the launch and capture registers and delay chain is done manually to ensure that all
path lengths and loads are equal. This ensures that the delay for the different bits is roughly equal and
that the layout of the registers is efficient within the bitline pitch. The delay chain design is the same
as the delay chains used for the memory timing signal generation to ensure matching between the
different delay chains such that similar settings lead to similar delays everywhere. The delay between
the capture and synchronise register is not critical, so the synchronise register is synthesised and
implemented together with the remainder of the local controller.

The layout of the 2T NW-PR cell memory design with the latency measurement hardware and a
local controller is shown in fig. 5.10 (standard cell layouts are obfuscated). The registers and delay
chain are indicated using the coloured boxes. For all other memories, the positions of the registers and
delay chain are the same. The layout of the registers is stretched for the other memories, such that it
matches the bitline pitches.

5.2. Top level
The controllers and memories are combined to form the entire system as shown in fig. 5.11. The
addresses of the local controllers are shown and run from 0 to 9. Starting from address 10, the bus
terminator of the global controller takes care of the bus to prevent a floating bus.

5.2.1. Clock and data distribution
Since the entire system is synchronous, a single clock has to be delivered to all the controllers and
data must traverse the bus fast enough. This is achieved by using a custom clock tree, the schematic
of which is shown in fig. 5.12. The interconnect between the clock buffers consists of coaxial lines with
double width and double spacing with a grounded shield. This results in a high clock line capacitance,
but also keeps it constant and shields the other circuits from clock interference due to coupling capac-
itances. The global controller driving inverter is small since the global controller has a clock tree of its
own. Since local controllers eight and nine don’t use capture and launch registers, the total amount of
clock interconnect is much lower, allowing for a weaker buffer.

To prevent clocking issues and speed up the bus transaction, the clock of the global controller is
inverted with respect to the local controllers. This makes the system more resilient against the clock
skew between the global controller and the local controllers, which can be seen in the simulation results
in fig. 5.13. Since the skew is significant, about 200ps, fast messages on the bus may catch up with
the clock and cause setup or hold issues at the receiving end. By inverting the clock between global
and local controllers, the bus gets approximately 5ns to settle and is unaffected by skew between
the controllers. The only requirement for this to work is that the bus delay is less than roughly 4ns.
However, if this was not the case, then inverting the clock would not be needed since the skew is then
much less than the bus delay. Finally, inverting the clocks between the controllers also leads to shorter
memory instruction durations, as the handshake overhead now only takes one clock cycle instead of
two.

To distribute the data, a 79bit bus is used without special shielding. Figure 5.14 shows the delay
of the write lines of the bus with a maximum strength driver standard cell, where the fifteenth bit pulses
high while all other lines pulse low. Depending on how the neighbours of a line are switching, the delay
varies between 70ps (all in the same direction) and 500ps (all in the opposite direction). This is fast
enough for the inverted clock scheme mentioned before as it is less than 4ns and so fast that it could
indeed lead to data being faster than the clock (200ps).

The controller system with inverted clocks at 100MHz is simulated in Siemens QuestaSim using
maximum post-route SDF timing files with an additional 1ns bus delay on top of the bus delays specified
in the SDF files. This does not result in any setup violations. Additionally, the same simulation using
minimum post-route SDF timing files and without any additional bus delay on top of the SDF bus delay
does not result in any hold violations. This indicates that the entire system is fast enough at 100MHz,
and enough delay has been inserted by the implementation tool to slow down the fastest paths.
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Figure 5.10: Layout of 2T NW-PR memory with launch and capture registers, delay chain, synthesised and implemented local
controller (obfuscated), and clock drivers (obfuscated). The bus connects at the bottom of the layout to the local controller.
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5.2.2. Floating gate device
Since the controllers and memories do not completely fill the chip, a floating gate device is also included
for separate characterisation. A floating gate device acts similar to a flash cell in that it stores data as
charge on a completely floating node through tunnelling and hot carrier injection [74], [75]. Since the
gate is fully surrounded by gate and field dielectric, charge can leak away only very slowly, resulting
in long term and even non-volatile storage possibilities. Additionally, it can be used to store analog
values for various applications such as amplifier offset compensation [76], DACs [77], or programmable
voltage and current references [78], [79]. Applications in CMOSquantum control circuits have also been
proposed in literature [80].

The schematic of the floating gate device is shown in fig. 5.15a. The corresponding layout is shown
in fig. 5.15b, where the transistor and capacitors measure 6.04µm×1.74µm. Both are heavily inspired
by the schematic and layout shown in [74]. The large capacitor on the left side is the gate coupling
capacitor. It is large to ensure that the floating gate voltage approximately follows the applied voltage
𝑉G and is used to change the gate voltage of the PMOS transistor at the middle. The small capacitor on
the right side is the tunnelling capacitor. By applying a large voltage across it, in the order of 5V to 6V,
Fowler-Nordheim tunnelling can be induced, which moves charge onto the floating gate and increases
its voltage. The PMOS transistor in the middle is used for readout, because its current is affected by
the amount of charge on the floating node. Additionally, by applying a large voltage between its drain
and source, again in the order of 5V to 6V, high energy holes are created which can generate high
energy electrons on impact that can tunnel through the gate oxide and onto the floating gate. This can
be used to lower the gate potential.

The five terminals of the floating gate device are directly connected to analog pads for testing and
characterisation. This keeps the design simple and gives full control over the applied terminal voltages.
A brief description of the test plan for this device can be found in section 5.3.

5.2.3. Pad ring
The pad ring facilitates the interface between the on-chip and off-chip circuits, and protects the on-chip
circuits from ESD events. Figure 5.16 shows a schematic view of the pad ring where three pad ring
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Figure 5.15: Schematic and layout of the floating gate device.

sections are clearly visible, separated by power-cuts. The digital part of the I/O ring contains digital
pads for the clock, reset, shift register control, and RO output, and supply pads for the digital logic
and memories. The core voltage analog part of the I/O ring contains several analog inputs such as
the reference voltage inputs and the input for the SNM array that do not require voltages higher than
1.1V. The I/O voltage analog part of the I/O ring contains pads for the source follower for the SNM
array output and the floating gate control pads. Additionally, each section contains supply and ground
pads for the ESD protection.

In order to measure the power consumption of the memory cores separately from the timing genera-
tion circuits and the remaining digital circuits, multiple supply pads are used. All dynamic memories are
connected to the same supply, while the static memories have separate pads. This allows for a static
leakage measurement on each of the static memories separately. The timing generation circuits are
connected to a separate supply such that their power consumption can also be measured separately,
and the timing could be slightly adjusted by varying the supply voltage.

To prevent oscillations due to LC tanks consisting of the bondwire inductance and on-chip decou-
pling capacitance, degeneration resistors are added to dampen oscillations. These are placed on
seven supplies and inputs from which current pulses are drawn. These resistors are implemented
using unsalicided polysilicon resistors and have a resistance of 30Ω to 40Ω.

5.2.4. Complete layout
Figure 5.17 shows the layout of the completed chip, which measures 1085µm×1085µm. The coloured
boxes indicate the different components. A large part of the chip is filled with decoupling capacitance
to ensure that voltages are constant, despite the spiking current consumption of the various circuits.
The various memory types are shown and the local controllers are numbered according to their local
addresses.

5.2.5. Verification
The test architecture has been verified at various stages during the design. The controller hierarchy
has been simulated in combination with a behavioural memory model in VHDL, including the post-
routing SDF timing files. Additionally, the system has been compiled onto an Digilent Nexys 4 FPGA
development board with a Xilinx ARTIX-7 FPGA and shown to work while using the FPGA’s BRAM
blocks as memories connected to the local controllers. Finally, the entire top level schematic, up to and
including the pad ring, has been simulated using Cadence Spectre which showed that write, read, and
refresh operations on individual memories work as expected.

5.3. Test plan
In this section, an overview of some of the measurements and experiments that can be done with this
chip is presented. Due to the flexibility in the programmable microprocessor, the presented set of tests
can always be expanded. In the following sections, an initial set of measurements is presented to
extract various characteristics and performance metrics from the memories and individual devices.
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Delay chain characterisation
The approximate delay of the delay chains that are used throughout the design for a given setting can
be measured with the following method.

1. Enable the RO by setting the eighth bit of the settings register of local controller number nine.

2. Measure the output frequency of the RO for at least two delay settings.

3. Estimate the delay of the delay chain using: 𝑡delay chain ≈
1

2⋅𝑓RO

4. Linearise the setting and delay pairs to find the offset (minimum delay) and resolution (delay step)
of the delay chain.

Sense amplifier characterisation
The offset and noise of the sense amplifiers of a certain memory can bemeasured by using the following
setup.

1. Enable sense amplifier test mode by setting the 26th bit of the settings register of the selected
memory’s local controller, and set reasonable read delays for the memory type.

2. Set the two reference voltage inputs.

3. Run a program that performs 1023 reads on the selected memory and accumulates the results
in the error counters.

4. Repeat for various sense amplifier test reference voltages around the reference voltage.

5. Plotting the average read result for each sense amplifier over a range of input voltage differences
will result in a figure similar to fig. 4.19, which shows the average result of 64 comparisons at vari-
ous 𝑉SA,test voltages in a transient noise simulation. Fitting the result to the cumulative distribution
function (CDF) of a normal distribution gives us the offset in the mean and the input-referred noise
standard deviation in the standard deviation.

The previous method performs the measurements for all 32 sense amplifiers of the selected memory
at the same time. The mean and standard deviation of the input-referred offset can be estimated from
the distribution of the offsets of all sense amplifiers.

Read bitline curves
The read bitline curves that were extracted from simulation and used in the memory model can also be
measured using the following method on a selected row of cells from a particular memory.

1. Run a program that does the following 1023 times:
Write all-0 to the row of cells.
Wait for a specified hold time.
Read cell and accumulate the results.

2. Repeat the previous program for various reference voltage to find the point when the read result
of a cell flips between 0 and 1. Using the sense amplifier statistics, the distribution of the bitline
voltage for a specific cell and hold time can be found.

3. Repeat for all-1 data.

4. Repeat for various hold times.

Using the described method, a bitline curve can be measured for every cell. Depending on the range
of hold times, either all cells or only a limited number of cells can be measured. At room temperature,
the program will likely terminate in the order of 10ms, while it may take several minutes at cryogenic
temperatures for a hold time where the bitline margins start to drop significantly. From the room temper-
ature characterisation, the worst cells can be selected for characterisation at cryogenic temperatures,
assuming that the worst cells at room temperature are the worst cells at cryogenic temperatures. This
assumption can also be verified by characterising some average and good room temperature cells at
cryogenic temperatures. Finally, a statistical retention time can be calculated from the obtained cell
statistics.
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Read latency
The total read latency for a given set of timing settings can be measured by using the launch-capture
hardware added to each memory.

1. Run a program that does the following:
Write all-0 to a row and read it. Stop if the read is wrong.
Write all-1 to a row and read it. Stop if the read is wrong.
Decrement the capture delay chain setting and repeat.

2. Extract the critical setting from the program results and perform multiple write/read combinations
around this setting to check if there is a statistical component to it.

With the previous method, the critical capture delay chain setting is obtained, including statistics about
it. Using the delay chain characterisation results, this setting can be turned into a delay which gives
the read latency of the memory. This can be repeated for various memory settings and used to find
peripheral overhead on top of the read delay chain settings.

Read and write energy
The read and write energies per operation measurements are quite straightforward.

1. Run a program that continuously writes to/reads from a memory and measure the supply input
current of the memory.

2. Compare measured input current with the input current when the memory is inactive to find the
amount of current that is added due to the memory operations.

3. Multiply the additional input current with the supply voltage and divide by the number of operations
per second to find the average energy needed for a write/read operation.

The previous method can be applied to each of the memories and compared with the values obtained
from the memory model.

Static cell leakage power
The static cell leakage power can simply be measured by observing the supply current to the static
arrays without applying any operations. We can obtain the leakage power bymultiplying the current with
the supply voltage. By varying the supply voltage, the leakage as a function of the applied voltage can
be observed, which is expected to decrease exponentially. This may allow for efficient static memories
at reduced supplies.

Static noise margin
Measuring the SNMof the static cells requires twomeasurement steps. In the first step, we characterise
the source follower to find its input-to-output transfer curve. In the second step, we can cycle through
the cells for various input voltages and measure the output voltage. Selection of the cells can be done
through the manual bus controller. Using the input-to-output transfer curve of the source follower, the
output voltages of the cells can be found from the measured source follower output.

Row hammer resilience
At cryogenic temperatures, row hammer disturbances in dynamic memories can severely limit the reli-
ability due to increased retention time [14], [57]. The retention time increase allows more disturbances
(read/write operations) between refreshes, the accumulation of which could cause a row hammer in-
duced memory fault. This is mostly observed for commercial, single-transistor dynamic memories, but
may also be the case for one of our dynamic memories.

This can be tested by observing the difference in time-to-failure between two situations. In the first
case, data is written to a row and read after a certain inactive wait time. In the second case, read
and/or write operations are applied on the rows neighbouring the row of interest during the wait time.
If the reads after an equal wait time are significantly different, the memory is sensitive to row hammer.
By varying the frequency of the operations on the neighbouring rows, a critical amount of operations
between refreshes can be found which can cause too much degradation such that refreshes fail.
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Floating gate device
Floating gate devices can be operated using various methods described in literature, all of which can be
tested using the presented layout. The floating gate voltage could be influenced by Fowler-Nordheim
tunnelling only [79], (impact ionized) hot carrier injection only [81], or a combination [74], [75], [80].

Since all methods require operating voltages outside the rated technology boundaries, these de-
vices should be tested last, or using a separate chip sample. This prevents causing damage to a chip
that is used for testing the memories, since it may lead to hard to trace or anomalous behaviour.

Increasing the floating-gate voltage using Fowler-Nordheim tunnelling can be tested as follows.
First, the readout PMOS transistor is biased with a small current and a small resulting source-to-drain
voltage. The voltagemust be small to prevent hot carrier injection into the floating gate and should result
in a constant output voltage. The readout PMOS transistor is in a source follower configuration and
shows the floating gate voltage at the output plus one threshold voltage. Next, the tunnelling capacitor
terminal is pulled high, which will also increase the floating gate voltage slightly due to coupling and
therefore the output voltage. Due to Fowler-Nordheim tunnelling, charges should be tunnel onto the
floating gate, resulting in a slow increase of the floating-gate voltage. When the tunnelling capacitor
terminal is pulled down again, the output voltage should be higher than before the tunnelling. The rate
of change of the floating-gate voltage is proportional to the tunnelling current.

The floating-gate voltage can be decreased by using Fowler-Nordheim tunnelling again, or by using
hot carrier injection. By applying a large source-to-drain voltage across the readout PMOS transistor,
hot holes are generated which can cause hot electrons on impact. These hot electrons can tunnel
through the transistor gate dielectric and lower the floating-gate voltage again.

Apart from using a source-follower configuration of the readout PMOS transistor, its transfer char-
acteristic can also be measured where its gate terminal is the gate coupling capacitor terminal. The
charge on the floating gate will cause an apparent threshold voltage shift which can be observed in the
transfer characteristic of the readout PMOS transistor.

5.4. Conclusion
To test the various memories with sufficient flexibility, a controller hierarchy is designed with a single
global programmable controller and multiple local memory controllers, connected to each other through
a bus. The global controller is connected to the chip pads such that it can be programmed through a
shift register, and the memory designs are connected to the local controllers. The inputs and outputs
of the SNM measurement structure and delay chain RO are also connected to chip pads to allow for
SNM characterisation of the static cell design and characterisation of the delay chain. A floating gate
device is also connected to the pads to allow for characterisation of such a device.

A suggested test plan has been shown with an overview of tests than can be performed. These
tests can be used to verify the outputs from the model and obtain data that can be used by the model.
Additional experiments can also be performed, such as measurement of the SNM of the static cell
design, determining the row hammer resilience of the different dynamic cell designs, and characterising
a floating gate device.





6
Conclusion and future work

The goal of this thesis was to determine the best memory cell design for the various memories found
throughout the classical controller operating at 4.2K in a quantum computer. Using a model, three
different embedded dynamic memory cell designs and one static memory cell design have been com-
pared over a range of application specifications. Additionally, eight memories have been designed and
sent out for manufacturing. These can be characterised with the aim to verify and improve the memory
model.

6.1. Conclusion
Three embedded dynamic cell designs (2T NW-PR, 3T NW-PR, and 3T PW-PR) and one static cell
design (6T) have been compared for different applications in a classical controller for a quantum pro-
cessor at both room temperature and 4.2K. At room temperature, memories in most applications can
best be implemented using a static cell design, except for high frequency applications with more than
107 memory operations per second. At this point, the high refresh power of the dynamic cell designs
is offset by the reduced operation power of the dynamic cell designs. At 4.2K, this boundary moves to
300 memory operations per second, making embedded dynamic cell memories a viable alternative at
4.2K. The choice of dynamic cell design depends on the ratio of read and write operations, with the
2T NW-PR cell design being preferred for applications with at most 1.77 reads per write on average,
while the 3T NW-PR cell design is preferred for applications with more than 1.77 reads per write on
average. This means that the 2T NW-PR cell design is better suited for queues and working memory
in write-heavy algorithms, while the 3T NW-PR cell designs is preferred for lookup-tables and working
memory in read-heavy algorithms.

To verify the model conclusions, eight memories have been designed for tape-out. For each cell de-
sign, two memories have been designed with different threshold-flavour devices to mitigate the thresh-
old voltage increase at cryogenic temperatures. The eight memories are connected to a programmable
microprocessor, which can run programs with at most 32 instructions, allowing for flexible testing and
characterisation. Additionally, structures for measuring the static noise margin of the static cell design,
characterisation of the delay chain design used in the timing circuits, and characterisation of a floating
gate device are included.

6.2. Discussion
Since the reliability of the results of the model at 4.2K is low, the correctness of the conclusions can
only be verified by measurement of the memories. Especially the scaling of the retention time of the
dynamic cells is only based on comparable results in literature, since scaling of the low activation energy
leakage sources in the used technology is unknown. Additionally, the effect of the combined cryo-
CMOS characteristics on the cell designs is only approximated and needs to be verified. Measurement
of the memories will provide insight into the combined effect of the cryo-CMOS characteristics and a
point of reference for the model.

In this work, only a single fixed architecture is assumed and alternative architectures may lead to
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different results. While the model gives an impression of the trade-offs that are involved on the cell
design selection level, the result of changing the architecture and array sizes is not explored.

6.3. Future work
This thesis presented the development of a model for comparing memory cell designs at 4.2K and the
design of a chip intended for verification and refinement of the model. Suggestions for extending this
work are listed below.

• First of all, the memories have to be characterised in order to close the loop with the model.
By executing the test plan described in section 5.3, data can be obtained to tune the model
parameters to verify that its results are reliable, both at room temperature and at 4.2K.

• For the different cell designs, additional degrees of freedom can be used. For example, lowering
the supply voltage of the static cell memory may increase its area in the memory landscape. This
can easily be simulated and added to the model and again be verified by using the test chip.

• Apart from varying the cells, the peripherals may also be optimised for a specific use-case. Vari-
ous peripheral designs could also be included in the model, and characterised on-chip, to improve
the memory design for a chosen application.

• Apart from the cells and the peripherals, the memory architecture can also be optimised for a
specific use-case, for example by resizing the array dimensions or using multiple banks. This
requires additional peripherals that need to be added to the model and designed for verification.

• If all previously mentioned suggestions are followed, a comprehensive memory model can be
made that is valid at 4.2K. This model could be used to find the best memory architecture,
peripheral, and cell design for a given application and its requirements.

• Finally, if the floating gate device can be tested successfully in this technology, it may also be
used to develop various circuits for the classical controller as suggested in [75], [80].
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