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Abstract

The promise that quantum computing is going to solve intractable computational problems has drawn tremen-
dous interest and motivation in research communities throughout the world. However, operating a large-
scale quantum computer requires classical electronics. In the present experimental setups, classical elec-
tronics is placed at room temperature rather than at cryogenic environment where qubits operate, hence
requiring a huge amount of interconnections. Considering future scaling of qubits, classical electronics for
readout and control must be placed close to these qubits. This thesis project explores the readout of spin
qubits which are one of the most promising candidates for a large-scale quantum computer. The readout
chain is one of the essential component for operating the large-scale quantum computer. Baseband and RF
readout techniques for readout of spin qubits were explored in this thesis project. Based on this, the de-
cision was taken to implement amplifier for RF readout as this gives the option for multiplexed readout of
multiple qubits over a single wire connecting the quantum processor and the control electronics thus min-
imizing the number of readout lines from 20mK to the 4K stage where cryogenic electronics is envisioned
to be operating. Limited scaling of the transistor drain noise at cryogenic temperatures was explored. Since
many qubit channels are to be multiplexed broadband LNA is required. Resistive-Feedback was selected as
a suitable topology to be implemented in TSMC 40nm CMOS. This is due to its simplicity in providing input
match and robust broadband noise performance. The test chip was fabricated and tested both at the room
and cryogenic temperatures. When operating at the room temperature the LNA achieved minimum noise
temperature of 27K at 200MHz which increases up to 45K at 1GHz with a power consumption of 67mW. The
S11 is greater than -30dB at 200MHz and increases upto -10dB at 800MHz. Preliminary measurement results
at 5K show the LNA achieving minimum noise temperature close to 4K at 400MHz which increases to 6K at
1GHz with power consumption of close to 37mW. Following table shows the comparison with the prior art
[15] noise cancelling CMOS LNA meant for cryogenic applications designed in the group. Their are no other
existing broadband cryogenic LNAs in CMOS. The S parameter measurements are yet to be taken at cryo-
genic temperatures. Assuming 32 qubit channels with channel spacing 25MHz, this corresponds to 1.2mW
power per qubit for readout. Low noise temperature of the LNA would enable higher readout bandwidths.
Also, broadband low noise temperature enabled by resistive feedback will increase the number of channels
to be multiplexed and will result in the reduction in interconnections.

WorK Minimum Noise temperature(300K) | Core LNA Gain(300K) S11 (300K) Power Core LNA
JSSCI15] 60K 26.5dB >-10dB 46mW
This Work 27K 42dB <-10dB till 800MHz 67mW
Work Minimum Noise temperature | Core LNA Gain(4K) | S11 (4K) | Power Core LNA
JSSC[15] 7K(4K base temperature) NA >-10dB 55mW
This Work 4K(5K base temperature) NA NA 37mW
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Introduction

1.1. Quantum Computing and Quantum Error Correction

The idea of quantum computing dates back to 1981 when physicist Richard Feynman in his seminal paper
first suggested a new paradigm in computing to enable the simulation of quantum systems [1]. Following
Feynman, David Deutsch worked on the computing device that could simulate any arbitrary physical sys-
tem which ultimately resulted in a computing paradigm based on the principles of quantum mechanics [2].
However, the first real computational problem for which quantum computers can outperform classical com-
puters was shown by Peter Shor in 1994 [3]. Shor proposed how one can efficiently find prime factors of an
integer using quantum mechanical principles like superposition and entanglement. This ultimately caused
the academic interest in the field to explode. All classical computers process information using classical bits
which are represented as 1 and 0. Its quantum mechanical counterpart is called a quantum bit, or qubit.
Unlike a classical bit, a qubit can be in a superposition of both 0 and 1, which can be written using the Dirac
notation as |w> = a|0) + B|1) with |w) the qubit state. After the qubit is measured, its state collapses to ei-
ther state |0) or |1) with probability |a|?> and |B|?, respectively, where a and f8 are complex amplitudes. The
qubit operates in a Hilbert space, i.e. a complex vector space. Similary, two qubits can be represented as
al00) + B|01) +y|10) + &|11). More generally, to represent n qubits one needs 2" complex amplitudes. A
few simple operations on a quantum state effects all the 2" complex amplitudes in the Hilbert space. This
is the primary reason for the exponential speed up of quantum computers. Using this parallelism together
with quantum interference, one can achieve tremendous computational power for certain class of problems.
Imagine a quantum circuit U operating on an quantum register |x,0) to give |x, f(x)) [4]. If there are many
inputs x,x; to x, a classical computer in principle has to perform the computation n times. However, using
the principles of quantum mechanics we can prepare quantum superposition of these n states

1
1//:2_ﬂ(|x1;0>+|x2»0>----|xn;0>) (1]-)
2
Now applying the quantum circuit U only once, we will modify all the superpositions in the Hilbert space to

1
Y= 2—%(|x1,f(x1>+ |2, £(x2)) coe. | X [ Xn) (1.2)

Hence one can see there is inherently a speed-up due to the quantum parallelism. Unfortunately, measure-
ment will cause the resulting state to be selected randomly out of one of these states. Hence, in order to ripe
the full benefits of quantum parallelism one has to use quantum interference. As an example, suppose we
want to compute the function G = f(0) & f(1) [4]. Classically we need to compute f(0) and f(1) twice and
then do the the comparison to do the computation. However, by using the principles of quantum mechanics
one can do this in one step. First, one needs a quantum circuit which computes \x, be f (x)> from |x, b). After
preparing the quantum superposition of the two input states \/% (10 +[1)) and \/% (10) —11)), applying U gives

2
2

0,08 f(0))— 0,18 f(0))+|1,08 f(1))—|1,1e f(1))) (1.3)

This can be written as follows.
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500, £0) = [0, £100) + 1, F) = |1, 7T (1.4

Here f(x) denotes the complement of the result f(x) e.g. if f(x) =1 then f(x) = 0 and vice versa. Again
applying quantum transformation on first qubit |0) to \/ié (10) +]1)) and |1) to \%(IO) — 1)), state of first qubit
ends up at | f) @ f(1)), which is exactly the function we wanted to compute, but we did not need to do two
separate computations as in the classical computer. The final state which results from this operation is the
superposition of the following states.

|0, £(0) +[1, £(0)) =0, f(0)) = [1, f(O)) + 0, F(1)) = [1, F (1)) = |0, F()) + |1, F (1)) (1.5)

Intuitively it can be seen from the superposition given in equation 1.5, when f(0) = f(1) some of the pos-
sibilities of having the first qubit in state 1 interfere destructively to cancel out each other while possibilities
having the first qubit state 0 interfere destructively when f(0) = f(1). This is the essence of quantum en-
gineering and algorithms, i.e. to reinforce probability amplitudes only where desired. A full-scale quantum
computer could have applications ranging from quantum chemistry which involves simulation of molecules
for drug synthesis to hard optimization problems and encryption. Efficient quantum algorithms utilize large-
scale quantum interference which is very fragile and very sensitive to noise [5]. Even though the final outcome
is digital after the measurement, the computational process involves interference of probability waves which
is analog and susceptible to noise. This makes large-scale quantum computing without error correction prac-
tically impossible. Hence, like classical error correction, quantum error correction is required for robust fault
tolerance, and thus to have one logical qubit, one needs many physical qubits. Extra redundant qubits are
needed for error correction. The discovery of power full error correction methods [6, 7] put quantum comput-
ing from mere academic curiosity to practical possibility. The class of problems that quantum computers can
solve are still being explored. The most advanced quantum computer in 2018 is a 72-bit quantum processor
by google [8] named bristlecone made of superconducting qubits which is still being tested. Big investments
in the field by corporate giants like Google, IBM and Intel has boosted the research in the field such that the
experts believe that we could have a full scale fault tolerant workable quantum computer working on practical
problems within the next few decades.
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Figure 1.1: Classical control electronics for QEC showing readout and control (taken from [12])

1.2, Classical electronics for Quantum computation

As stated in the previous section that the quantum states are very fragile and are sensitive to noise. Hence
quantum error correction (QEC) is an absolute necessity for the working of the quantum computer [5-7].
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The minimum number of physical qubits needed to correct single-qubit errors is of the order of 5 [9]. Hence
to emulate only a few logically error corrected qubits, more than 5 times the number of physical qubits are re-
quired. In the near term, more than 150 error corrected qubits are required for applications such as quantum
chemistry and machine learning [10]. This requires close to equivalent 1000 physical qubits. In the present
state of the art setups, physicists are able to control < 20 physical qubits with the electronics at room tem-
perature using long cables. This presents scalability issues when qubits are scaled to a few thousand in the
near term future. Hence there is a need for the control electronics needed for the error correction loop to run
in close proximity to qubits at cryogenic temperatures. The classical control unit working in close proxim-
ity to qubits provide that control [11-13]. Figure 1.1 shows the envisioned classical control [12]. The qubits
operate at 20mK base temperature. The electronics needed for qubit readout and control is envisioned to be
operating close to qubits at 4K base temperature. Due to 1 watt of cooling power of the dilution refrigerator
at the 4K stage, this base temperature is envisioned to operate control circuitry needed for error correction.
CMOS in this regard provides an advantage in the complex system on chip integration which will eventually
be required when the number of physical qubit scales up. Spin qubits are many of the promising candidates
for full-scale FTQC. In future the spin-qubits are expected to be more closely integrated with control electron-
ics and the possibility of this is further explored [14]. Hence with respect to silicon qubits, CMOS can prove
advantageous with respect to co-integration.

1.3. Thesis outline and objective

Asseenin figure 1.2, LNA (Low Noise Amplifier) is used in classical readout chain. The present thesis concerns
with LNA (Low Noise Amplifier) design for readout of spin-qubits. Present day setups use off the shelf elec-
tronics for readout and control at 300K with a lot of physical connections coming from 20mK where qubits
are kept. This will not be practical when the number of physical qubits scales up. Hence the LNA designed in
this thesis will be part of the readout chain used to readout qubit’s spin signature while operating at the base
temperature of 4K.

Chapter 2 will discuss the fabrication and readout of spin qubits. Also, readout specifications are derived.
Chapter 3 will discuss various low noise amplifier topologies step by step to elucidate the reason for choosing
the adapted architecture. Chapter 4 will discuss the design of the low noise amplifier and the performance
of the amplifier in the simulations. Chapter 5 discusses the measurement setup of the adapted LNA and the
measurement results. Conclusion and the future directions are discussed in the last chapter.






Readout of Spin Qubits

2.1. Spin Qubit implementation and readout

Spin qubits are one of the many promising candidates for fault-tolerant quantum computation. The infor-
mation here is encoded in the electron spin which is controlled using microwave pulses [15]. Other compet-
ing implementations are superconducting, topological, and trapped ion qubits [16]. Spin qubits are much
smaller in physical size and have long coherence times. The fabrication of spin qubits also highly resemble
modern day semiconductor fabrication process making them amenable to scaling. Also, spin qubits have the
potential to operate at 1-4K as opposed to 20mK and hence having the potential to operate much closer to
the control electronics [14, 17].

Figure 2.1: Formation of Quantum dot in AlGaAs and GaAs heterojunction showing how a single electron can be isolated from the sea of
electrons by applying suitable gate potential (reproduced from [18])

Figure 2.1 shows how a single electron can be isolated and controlled using a quantum dot to form the
spin qubit [18]. In Figure 2.1, the grey region indicates 2D electron gas formed when AlGaAs is deposited
on top of GaAs. The bandgap difference between the two heterojunctions results in the formation of excess
electrons on the surface. Applying a negative gate potential on the electrodes can deplete electrons from the
region underneath the gate. This is indicated as the white region in the Figure 2.1. The gate voltages can be
controlled to form a quantum dot which is shown in the figure as an isolated gray island. Inside the dot, a
single electron can be controlled and manipulated. Quantum information in the spin-qubits is stored in the
form of the electron spin. However, magnetic moment of a single electron is too low to be detected. Hence
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before the readout electron spin information is converted to charge information. This is then read out using
charge sensors like QPC (Quantum point contact) or SET (Single-electron transistor). QPC and SET have to be
integrated close to the quantum dot to maximize cahrge sensitivity. This poses some integration challenges.
RF-SET which is one of the most sensitive electrometers is used in this thesis to derive the specifications. To
overcome the problems with integration DGS (Dispersive gate sensing) readout was developed which makes
use of gates which are already in use to define quantum dots. The change in quantum capacitance is then
detected using reflectometry [19].
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Figure 2.3: Elzerman Readout showing how momentarily the electron with the spin down state leaves the dot. This brief absence of an
electron from the dot changes the channel potential of QPC ultimately changing the current briefly. (reproduced from [20])

To gain the basic intuition into the readout scheme one can consult Figure 2.2 and 2.3 which demon-
strates the Elzerman readout using QPC [20]. The gates M, R, and T are used to create a dot. The potential
of the dot can be controlled such that it contains either no electron or one electron. As seen in Figure 2.3
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the energy state of the electron is first split by applying an external magnetic field. The electrons now align
either parallel or anti-parallel to magnetic field depending upon the spin. This phenomenon is called the
Zeeman'’s splitting and causes the energy difference in the two spin states. The resulting two states encode
quantum information as |0) and |1). First, the gate potential is set such that potential inside the dot is more
than the Fermi level of the reservoir so that electrons can tunnel. After the tunneling of one electron the po-
tential inside the dot reduces resulting in Coulomb blockade and hence no electron can now enter the dot.
In the read phase the potential of the well is again changed to a higher potential using gate electrodes. The
potential is tuned such that if the electron that entered the dot was spin up then the electron cannot tunnel
further and no change will happen. However, spin down electron having higher energy will have a tendency
to tunnel through the barrier into the reservoir. This will be followed by spin up electron taking its place.
Hence for a brief moment, the electron leaves the dot. The potential of the dot as shown in the figure 2.2
is electrostatically coupled to QPC which results in small change current Algpc. Instead of QPC more sen-
sitive charge sensor SET (Single-electron transistor) can be used [21, 22]. Here the dot potential is coupled
to channel of the transistor. Information on the spin is then converted into the resistance of the SET. The
qubits and the sensors are kept at 20mK and integrated close to each other. Heisenberg uncertainty princi-
ple AEAT=zh = e%c >h = R= i—é’ ) puts lower bound on SET resistance for single electron transport
hence nominal SET resistance value is 100k. The resistance changes by approximately 10% depending upon
the spin [23]. The change in the resistance of these charge sensors can be read either using RF reflectometry
or baseband DC readout which detects the change in the resistance. In the next few sections the motivation
for using RF readout will be elucidated.

a) L

[.*“ L C I
o) Heﬂ‘ C L

Figure 2.4: RF Reflectometry, The figure shows how SET resistance is matched to 50ohm line resistance using L match network (repro-
duced from [21])
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2.2. RF Reflectometry

Reflectometry is one of the most widely used readout method for single-shot readout for spin qubits. As
described in the previous subsection, the information on spin is encoded in the value of resistance. SET
or QPC resistance is matched to 50 ohms using the L match network. As discussed in the previous section,
electron tunnels through the dot momentarily when the spin state of the electron is down. This modulates the
resistance momentarily which results in a change in reflection coefficient and hence changes the magnitude
of the reflected wave. In this thesis, the Low Noise Amplifier will be designed with the purpose to detect small
changes in the reflected wave. As shown in figure 2.4, the parasitic capacitance C, and the inductance L are
tuned to get a 50-ohm match. The parasitic capacitance is of order of 100 to 300fE The power that one can
drive SET is limited to -99dbm to prevent any incident signal from capacitively coupling to qubits. This also
sets the maximum voltage V4 that can be driven across the SET. At resonance, the matching circuit acts as
an impedance transformer. The incident voltage wave is boosted by a factor Q at the SET. Hence if V},,4, is the
voltage incident on the SET then voltage wave incident on the matching network is given by V;;,5./ Q. Where
Q or quality factor of the transformation and is given by
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-1 (2.1)

where Rsgr is the SET resistance and R; = 50 is the line resistance. For eg taking a typical case of Cp=0.15p,
matching frequency can be calculated using w, = Q/CpRsgr. This gives f, = 474M Hz. The inductance can
be calculated as L = CpRsRsgr = 750nH. These large value of inductors are usually implemented using
superconducting materials. The value of the inductor is what limits the scalability of this approach and is
one of the drawback of using this method. For the matching QPC having 25K ohm inductance required is
190nH assuming same parasitics. V,fmx/ 2RsgT = Piax One can get the maximum voltage that is incident of
SET as 158uV. The reflection coefficient is given by (Z; — Z,)/(Z1 + Z,) i.e ARs/2R;. The approximate input
impedance looking into the matching network can be derived using the relation Psgr = P;;, which gives

Rsgr 1
Zin=—5=—5-— (2.2)
Q wsCp°Rspr
Using 2-1 one gets
ARs AR
Afs _ ARspT 2.3)
Rs  Rser

If Vinax is the maximum voltage incident on SET then the reflected incident at the input of the LNA is given
by
VinaxT  VimaxARs
Viefiected = man = HZUSRS 2.4
Since the relative change in 10 percent, this results in Vyefjecreq = 177nV. SET shot noise current is given by
[23]

ﬁ coth( evj
R; 2KT
Here V; is the junction voltage across the two set junctions. Current shot noise converted into voltage noise
gives 1.73nV /v Hz at the SET end. Equivalent noise at input of LNA is 19pV/v/Hz. The measurement time
determines the noise bandwidth. Hence only taking SET noise contribution, the signal reaching input of the
LNA has SNR =6.4dB considering 10MHz noise bandwidth and SNR=16.37dB in 1MHz bandwidth.

)=3%10"28A%/Hz (2.5)

2.3. FDMA or Multiplexed Readout

Frequency division multiplexing is used for simultaneous readout of multiple qubits [24]. Figure 2.5 shows
FDMA readout of multiple qubits in parallel. The inductances are tuned to the different resonant frequen-
cies. If T is the measurement time then fundamentally each of the qubits can be spaced 1T frequency apart.
However, the spacing between the center frequency of the matching networks is determined by the interac-
tion between the matching networks. In other words, ideally the matching network should present infinite
impedance outside its resonant frequency but there is always some stray inductive/capacitive impedance
which is added in parallel outside the resonant bandwidth of the matching network. The matching network
also filters noise of each of SET’s or QPC’s outside the matching bandwidth that is %O. Since there is finite at-
tenuation outside the bandwidth of the matching network spacing should be carefully chosen such the noise
interference from other SET’s or QPC’s is limited.

The matching network required has a very high Q since very high impedance value (100K) is transformed
to 50 ohms. In case of QPC 25K is transformed to 50ohms. Inductance value at the readout frequency
(L= chg Q?) required for impedance matching is few hundreds of nH. Here Cy is parasitic capacitance and

s = 500hms. This limits the scalability of this technique. Some other drawbacks include high Q nature of
the matching network which is sensitive to mismatch and the interaction between the matching networks.
However, this is the only technique which can be used for multiplexed readout of qubits in present setups.
Multiplexing readout of qubits is necessary since in the present setups readout electronics are not at the same
base temperature as the qubits. Hence, if multiplexing is not done each of the qubits will require separate
lines.

2.4. Baseband SET readout

Figure 2.6 shows the frontend amplifier for baseband readout. The drawback of this approach is parasitic
pole caused due to Cy, or transmission line capacitance at lower frequencies. This limits the bandwidth and
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Figure 2.5: FDMA readout of multiple Qubits (reproduced from [24])

noise performance of the amplifier at higher frequencies. Also to filter high-frequency noise of the amplifier
coupling into the SET large capacitance is added at the input [25]. Another limitation of this approach is the
low frequency % noise and charge noise which affects the performance of the readout [25].

However, as far as the effective input signal is concerned the transimpedance readout has much larger effec-

RFB

MAN

Vnoise_out

Vnoise_in

Figure 2.6: Baseband readout showing how resistance change in QPC or SET can be converted to current which can be then readout
using transimpedance amplifier [25]

tive signal as compared to RF readout. This is because of high Q impedance transformation of the matching
network which is required for RF readout. The input signal to LNA in case of reflectometry setup as given by

o VinaxARSET
" 2QRspr

This is the reflected wave due to the impedance mismatch which is described in the previous section.
The output signal is given AV;, where A is the LNA gain. Similarly the rms output noise spectral density for
broadband LNA’s like resistive feedback is given by

(2.6)

Vnoi Vnoise;j, A 27
noisepyt = —————— .
T I AP
Here Vnoise;;, and Vnoisey,; is the input and output referred noise of the amplifier. As will be seen in
the chapter 4 the loop gain for perfect matching condition is 1 in case of feedback amplifier like resisitive
feedback and hence this expression reduces to
Vnoisej, A

Vnoiseyyr = — (2.8)
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This expression for output noise is the same for any feedback and noise cancelling LNA’s. Similarly in
transimpedance readout effective output voltage is given by incremental current change times the tran-
simpedance gain.

VimaxARsgTRE

2
RSET

Vin = (2.9)
Input referred noise due to transistors is again given by equation 2.7 which for large gain A needed for low

input resistance turns out to be
Vnoise;nRp
(2.10)
Rsgr

where Rp is the feedback resistor which determines transimpedance gain. Using the above equations the
following conclusions can be drawn

VmaxARSET

SNRreflectometry = m 2.1
in
VinaxARSET

SNRransimpedance = &T (2.12)
in

The input impedance requirement for such a transimpedance amplifier can be of the order of few kilo-
ohms rather than 50 ohms since no matching is required with the input line. As a typical example, a tran-
simpedance amplifier having the gain of 20dB requires a feedback resistance Rr of 1IMohms. A single pole
amplifier can easily have a gain of 40dB giving input impedance of 10Kohms which is sufficient considering
high impedance of the SET. Hence from these two expressions, one can see that the effective signal in tran-
simpedance type amplification is Q times greater than that in reflectometry type readout. Integrated input
referred noise Vnoise;, in case of baseband readout is much greater due to the presence of low-frequency
noise both of the amplifier and SET which can in principle be subdued by design techniques. However, base-
band readout of multiple qubits requires multiple lines coming from 20mK stage to 4K stage for each of the
qubit. FDMA cannot be done here due to bandwidth limitations posed by line capacitance. Also, frequency
multiplexing line as shown in figure 2.7 will add noise of each of the SET’s on top of each other. If switches
could be integrated close to qubits one option is to do TDMA like in figure 2.8. Comparing with FDMA with
N SET’s multiplexed, each of the SET’s in TDMA have to be read N times faster. With the line going from
20mK to 4K this is not possible because ultimately bandwidth of the readout is determined by the parasitic
capacitance as well as the capacitance added to filter high-frequency noise coupling to the SET. If qubits and
switches can be integrated close to control electronics this could indeed be a good proposition. Because of
the lesser noise requirement, one can operate readout cycle at higher rate provided low-frequency noise is
subdued by suitable design techniques.

Transimpedance Amplfier

F1 RSET1
J_ +® m A\MRF
= F2 RSET2
L +® L [\
= F-“r/_\ RSET3 A
N w 1 I/
= RSET4 Tt
o

|||—

Figure 2.7: Transimpedance readout using FDMA

In this thesis, Low noise amplifier is designed for RF reflectometry as it enables multiplexing of readout of
qubits in present setup used by the physicist. Specifications are derived based on RF-SET. The LNA can also
be used for dispersive readout of spin qubits. The application space for cryogenic LNA’s also include Radio
astronomy, Deep space communications and many other applications in instrumentation physics.



2.5. Specifications 11

RSET1
RF

2

RSET2
Vdc

51

I./ I

L= =]

1

: il

RSET3

L C S5
L= =]

|J |

| et |

2

2

== CL
RSET4

Figure 2.8: Transimpedance readout using TDMA

2.5. Specifications

Using equation 2.4 one can arrive at a conclusion that the input signal at the LNA is around 177nV. The system
can be thought of as OOK(On off shift keying) where the pulse train is modulated by a carrier signal. The
momentary absence of the electron from the dot modulates the reflected wave. The fault tolerance error
threshold needed for one error correction cycle is approximately 0.1% which corresponds to bit error rate of
le-3 [26]. Using the error function Q(%) one can estimate the input referred rms noise required for this

achieving this BER. Using V,, = 177nV one gets rms noise as o = 29.5nV. If the readout bandwidth is BW
then input noise power spectral density requirement for the LNA is

2 _

Vl’lin W (213)
The noise requirement of the LNA is
2 a? 2
ann = W_VnSET (214)
2
T _Vn?
T, = BW SET (2.15)
KRg

Where T, is the noise temperature of the LNA, K is the Boltzmann constant and Rgs is 50 ohms standard
resistance. Vn?9 g 18 the noise of the SET which is referred to the input of the LNA. This is discussed in section
2.2 and is equal to 19pV/v/Hz. From Equation 2.6 it is evident that the noise temperature specifications
become more stringent with higher readout bandwidth. Following table elucidates this

Readout Bandwidth (MHz) LNA noise (V2/vHz) LNA (Noise Temperature)
1 MHz 5.1e-22 0.7
0.8 MHz 7.27e-22 1
0.5 MHz 1.38e-21 1.97
0.2 MHz 4e-21 5

In the next section, the limited scaling of transistor noise due to shot noise will be discussed. It is expected
that the mobility will increase by a factor of 2 based on the previous measurements. For approximately con-
stant transconductance i.e gm = /21, the current is expected to decrease by a factor of 2 and hence the shot
noise component in the currenti.e F2qI. Here F is called the fano factor. The discussion on the channel noise
of the transistors will be done in the next chapter. Hence only a factor 2 scaling in drain channel noise of the
transistors will be assumed in deriving the specifications. Assuming the spacing between the qubit channels
as 25MHz approximately 800MHz of bandwidth is required to multiplex 32 qubits. Keeping some margin
LNA will designed for close to 1GHz RF bandwidth. The main challenge in the LNA design is to achieve ultra-
low noise level while delivering broadband noise performance(= 800M Hz) so that as many channels can be
multiplexed. Another challenge in the design will be to keep gain as high as possible. Since the signal level is
extremely low the gain of the LNA has to be sufficiently high to reduce contributions of next stages. All this by
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keeping the power consumption as low as possible. The LNA will be designed to reach 10K transistor noise
(drain/shot) contribution at room temperature. Hence LNA is expected to reach a noise temperature of < 5K
at 4K. The linearity is not a concern in the design as the input levels are extremely low. At room temperature,
the LNA will be designed for 10K noise contribution of the transistor drain noise. However, the final LNA
noise temperature at 300K will also have resistive channel noise contribution. The specifications are kept
as 25K at room temperature which is close to what is required for many room temperature applications like

radio astronomy.

Base Temperature
300K
4K

Broadband Noise temperature
< 25K
<5K

Bandwidth
>1GHz
>1GHz

Gain
>40db
>40db

=<
=

S11
—10db
-10db




A Survey on Low Noise Amplifiers

3.1. Introduction

As discussed in the previous chapter, the LNA needs to be designed achieving less than 5K noise temperature
at 4K temperature. The discussion in this chapter concerns the selection of suitable topology to be designed
for RF readout of spin-qubits. This chapter will go through all the common topologies in the literature of
low noise amplifiers. The next section will discuss the limited scaling of transistor drain noise as one goes
from room temperature to cryogenic temperature. This is to emphasize the point that the drain current shot
noise will be the primary source of noise at cryogenic base temperature. Only the drain current noise of
the transistor is taken into account in the analysis. Noise due to the parasitic resistance and intrinsic gate
resistance is expected to be negligible at 4K.

3.2. Theory of shot noise and Cryogenic performance of CMOS LNA’s

In long channel devices the thermal drain noise current in the channel is given by
idn=4KTygdy 3.1

where gd, is the gate to drain transcondutance at zero bias and the factor vy is called the excess noise factor.
In short channel devices, there is a significant increase in the y as pointed out by many experimental pieces of
evidence [27, 28]. The prevalent theory which explains this is the presence of shot noise. Many prior works in
the literature indicate shot noise signatures in short channel devices [27, 28]. The presence of shot noise point
towards limited scaling of transistor noise from 300K to 4K. The excess noise can be understood intuitively
by understanding the underlying mechanisms of generation of shot and thermal noise. Figure 3.1 shows the
potential energy diagram for carrier transport in the MOSFET. There are basically three regions of electron
transport. At the end 1, carriers are transported from the region 1 to 2 through diffusion. The electrons that
have high enough energy cross the barrier to region 2. In the low electric field region 2, transport of electron
takes place through drift. After region 2, electrons enter region 3 which is a high electric field region where
the electron velocity saturates. Carrier transport in the region 1 or the source is governed by diffusion of
carriers at the source end which is Poisson due to the discrete nature of the charges. After electron enters
the region 2 it will undergo scattering if the channel length is longer as compared to mean free path [, of
electrons. In region 2 electron transport is determined by the drift and since electron undergoes scattering
it exchanges energy with surrounding and comes under thermal equilibrium. Hence carriers in case of long
channel devices behave like that of the resistor. In region 3, electrons do not interact as they are velocity
saturated and statistics of carrier interval is mostly determined by region 2. Hence in long channel noise is
mostly thermal in its origin. While in short channel devices carrier transport approaches ballistic transport
where most of the electrons do not undergo scattering as the channel length is less than mean free path. The
statistics of current is determined by statistics of carrier entry in region 1. Hence the current noise approaches
the shot noise limit. Depending upon the channel length the transistor shows full or suppressed shot noise.
The suppression of shot noise can be thought of as a feedback mechanism. If more or fewer carriers are in
the channel than its equilibrium value, it changes the potential profile such that it suppresses randomness.
Hence noise in the shot channel MOSFETs can be approximately modeled as

13
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Figure 3.1: Mosfet Energy Diagram showing carrier transport of electrons in mosfets (reproduced from [29])
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Where F is called the Fano factor which takes into account the short channel suppression. The BSIM model
still models the noise as thermal noise which has been questioned in several papers in the literature due
to the limited scaling of noise both in HFET (High electron mobility FET) and CMOS [30-32].Pospieszalski
model which is used in the majority by Cryogenic HFET and SiGe amplifier design community models the
two fundamental noise sources FET’s as drain T; and gate temperature T [30-32]. T, represent drain current
noise and T represents the noise due to intrinsic gate resistance which is responsible for gate induced noise.
The experimental evidence in many publications suggest limited scaling of T; which supports shot noise
theory and scaling of T with ambient temperature hence meaning that gate induced noise or noise due to
intrinsic gate resistance scales with temperature. Hence gate induced noise is expected to be negligible due
to scaling of Tg.

3.3. CMOS LNA’s

Figure 3.2 shows commonly used narrow-band Low noise amplifier using source degeneration [33]. The input
impedance of this LNA is given by
1 N gmL;

Zin=SLs+Lg)+
in (Ls g) $Cgs Cgs

(3.3)

At resonance frequency, the inductive and capacitive part can be made to cancel each other leaving only
the real part of impedance which can be controlled to be 50 Q. Due to the bandpass nature of the input
network, the matching is narrow band. At resonance the effective gate to source voltage is boosted by a factor
of Q =1/(2CgsRsw,) where w, is frequency of impedance match. This gives the effective transconductance
as

Wy
2R;w,

Gp=gmQ= (3.4)
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Figure 3.2: Commonly used narrow band LNA using source degeneration [33]

This is only dependent of w,(unity gain frequency) of the transistor and is independent of number of
fingers. As one decreases the number of fingers the gm of the transistors decreases but the Q of the input
match increases leading to more passive amplification which compensates for decreased transconductance.
Effectively making transconductance or G, constant. As far as the output drain noise is concerned some
amount of drain current noise current flow through the Cgs. Following equations describe the dynamics of
the noise current in the source degenerated LNA.

Rs+ SLg
Vi=Vs (3.5)
sLg+1/5Cgs+ Rs
) V2 .
gm(Vi—Vo)+idn= €+(V2—V1)3Cg5=zdnloud (3.6)
S

Using 3.5 and 3.6 the load drain noise current is given by

. id
id = 3.7

1004 = (1 + ((gmLy)/(CgsRy))

which for matching condition R = w;L; is given by i,;/2. One can concur from this that making number
of fingers or width of transistor smaller and smaller can make noise figure to approach 0db. This is because
decreasing number of fingers leads to decrease in output noise keeping the transconductance constant. How-
ever, at the cost of very narrow bandwidth due to high Q input match. However this implication is incorrect
since there is another source of noise which is related to thermal fluctuations at the gate called the gate in-
duced noise with power spectral density 4KT(w? Cz,s)/ (5gd0). The factor 1/5gdo represents the gate resis-
tance. Figure 3.3 shows the origin of the gate induced noise . As one decreases the transistor width for same
matching frequency, the Q = 1/w,Cg;s Ry of the matching increases. Higher gate inductance is now required
for matching due to which effective impedance seen by induced gate current noise current increases. This
aggravates the contribution of gate noise at the output. This is the fundamental reason of existence of F,;,
of the transistor. At F,;;, both drain and gate noise have equal contribution to overall noise figure. Since
this architecture is narrow-band as one goes away from center frequency noise figure degrades very sharply
depending on the quality factor of the input match and hence it is not suitable for our application. For our
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readout we need broadband LNA rather than narrow band LNA to enable frequency multiplexing using a sin-
gle cable coming from 20mK stage to 4K stage. Narrowband source degenerated LNA could deliver ultra-low
noise levels if the input matching is made high Q. This is possible since the noise due to the gate resistance
which determines the Fmin level goes down. However, then it means single LNA per channel hence requiring

multiple lines to readout multiple qubits.
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Figure 3.3: Gate induced noise caused by thermal fluctuations in the channel getting capacitively coupled to gate (reproduced from [33])
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Figure 3.4: Broadband input match using LC ladder matching network at the input (reproduced from [34])

To make the input match broadband numerous architectures have been proposed. One such is shown in
Figure 3.4. All these structures [34, 35] use matching networks like Chebyshev or other LC ladder structures
for a broadband match. However, these amplifiers architectures have the drawback that they use the lossy
matching network at the input and second, the effective signal between gate and source decreases with fre-
quency. One can see from figure 3.4 inband impedance seen by the signal source is 2R; when LNA is matched
to Rs =500hms. Thus the current through C, (Figure 3.4) under matched conditions will be

Iin=Vinl2R; (3.8)
which corresponds to gate to source voltage across the transistors as
Vs = Vinl 2Rs0wC)p) 3.9)

As can be seen from the previous equation gate to source voltage decreases with frequency and hence the
noise figure. Another architecture[36, 37] which achieved record noise figure in CMOS LNA's is shown in the
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figure 3.5. For 50 ohm matching this LNA achieves record noise figure of 0.35 dB achieving broadband noise
performance upto 700MHz. The input matching network here can be seen as parallel combination of two
resonant networks as can be seen in the figure 3.6. One RLC branch is due to source degeneration and other
is due to parasitic feedback effect due to Cg4 and load capacitance Cy. First one resonates at the higher band
edge and the second one resonates at lower band edge to achieve broadband match. However in this LNA,
matching is dependent on a delicate relationship between the parasitic capacitances, gate inductance, and
source inductance. Since the parasitics are not well modeled at 4K, this architecture was not chosen.
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Figure 3.5: Broadband LNA utilizing conventional source degeneration and feedback of gate to drain capacitance (reproduced from [36])
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Figure 3.6: Input impedance of the LNA which is described in the figure 3.5 (reproduced from [36])

Noise cancelling[38-40] and Resistive feedback[41-43] are commonly used broadband LNA architectures
used in wireless communication. Matching is simpler to implement in these circuits however they are not
used in low noise figure applications at room temperature like in radio astronomy. The reason for this is
the resistive contribution of noise in both of the circuits. Figure 3.7 shows the Noise-Canceling architecture.
Here Common gate transistor is used for 50-ohm line matching. The description here is general of all noise
cancelling LNA’s whether differential or single ended. A common gate amplifier has a noise factor of

NF=1+—L (3.10)
g§mRs
The condition for an input match of Ry = 500hms
1
Zin=Ry=— 8.11)
gm

The common gate amplifier has noise factor greater than 2 corresponding to noise figure greater than 3dB.
However, 50-ohm matching is simple to achieve. The noise canceling is a clever technique which utilizes
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simplicity of matching of common gate transistor and low noise performance of common source transistor.
As can be seen in the figure 3.7, some of the drain noise current flows through the source resistor. If V}, is the
input referred noise of the common gate transistor then the noise current due to common gate transistor at
the positive output is given by

V;
Vout,, = _ngGRCGTn (3.12)

The noise due to common gate transistor at the negative differential output

Vin
Vout,_ = _ngSRCS7 (3.13)
. It can be seen from the equations 3.12 and 3.13 that the noise of the common gate transistor is correlated at
both the inputs hence will be canceled when the differential output is taken. The noise canceling condition
is given by
g&mcgRcg = gmcsRcs (3.14)

and input matching condition is given by Z;,, = 50 = 1/gmcg. So there are two paths for amplification one
is noisy common source path which determines the noise figure and one is noiseless common gate path
since it’s noise is canceled. As will be discussed in the next chapter the resistive contribution of the noise is
dominated by R¢g.

\ele Vn.cs

Figure 3.7: A broadband Noise-Canceling balun LNA (repoduced from [39])

Distributed amplifiers shown in Figure 3.8 are another class of broadband amplifier [45, 46]. The input
capacitance of the amplifier is absorbed in the transmission line hence it can overcome tradeoff between NF
and bandwidth. In general, Distributed-Amplifiers have very high noise figures and have high power con-
sumption. The main reason is not only the loss due to transmission line but also the higher contribution of
transistor noise. The noise of matching resistor R, does not effect LNA noise figure due to reverse isolation.
Intuitively what happens is that noise waves injected at port 3 interfere destructively at port 2. Hence the
circuit can be thought of an open loop amplifier where matching is done by a 50 ohm noiseless resistor at

the input. For such an amplifier the input referred noise is 4;;7 which is four times higher that other broad-

band amplifiers like Noise-Cancelling and Resistive-Feedback i.e % .The input referred noise for these two
topologies will be derived in the next chapter. As discussed in the previous section due to the limited scaling
of transistor noise keeping transistor noise minimum is the priority. Figure 3.9 shows the Resistive-Feedback
amplifier. The input is matching is achieved by tuning the gain of the amplifier and the feedback resistor. The
input matching condition is given by

Rp

Zin= 3.15
i~ (3.15)

The common source is used as the main transconductor to reduce the noise. The other main contributor to
noise is the feedback resistor. Both of the architectures have significant resistive noise contribution making
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Figure 3.8: A CMOS distributed amplifier used to overcome noise bandwidth trade-off (reproduced from [45])
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Figure 3.9: A Simplified broadband Resistive-Feedback LNA(reproduced from [42])

them not a desired candidate for ultra-low noise room temperature amplification. However, for cryogenic
applications, they would be the ideal candidate because of the simplicity of matching and scaling of ther-
mal noise which makes the resistive contribution of noise negligible. Figure 3.10 shows capacitive feedback
amplifier. The capacitive feedback amplifier can achieve very good power efficiency for certain noise fig-
ure at room temperature since there is no resistive contribution to noise at room temperature. The input
impedance of the capacitive feedback amplifier is given by parallel combination of the real impedance

Yineq =gm(l+C2/C1)) (3.16)
and the imaginary capacitive component
Yinimg=C1C2/s(C1+C2) (3.17)

At lower frequencies the capacitive part is high and the input impedance is mainly determined by the
real part. This is good assumption if the parallel capacitance due to the input match is low. For that both C1
and C2 has to be low. However, to achieve low noise levels, the transconductance has to be high resulting
in low output impedance. To make the transconductor current to flow through load capacitor C, very high
capacitance value is required especially at lower frequencies. This will not only add parasitic capacitance at
the output but directly contradicts our previous requirement lowering the capacitive part of input impedance
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Figure 3.10: A Capacitive-Feedback low noise amplifier (reproduced from [44])

C1//C, which will add in parallel to Cgs. Hence Resistive-Feedback and Noise-Canceling emerge as suitable
candidates due to the simplicity of matching. The noise analysis of both of these amplifiers will be discussed
in the next chapter.
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Figure 3.11: Resistive feedback amplifier with passive amplification using transformers and input matching network for broadband
performance

To overcome the noise figure and power trade-off one can either use passive amplification using trans-
formers [47] or parametric amplification [48, 49] which require lossy passives at the input. The loss is espe-
cially high at lower frequencies since these passives are bulky at lower frequencies. Hence they can be more
suitable for superconducting qubit readout which occurs at higher frequencies. In architectures like [47] go-
ing away from center matching frequency, the noise figure degrades rapidly. This happens because of two
reasons first signal transfer decreases and second output noise increases due to input parasitic pole. This will
become clearer in the next chapter. In order to mitigate this an input bandpass matching network is required.
Figure 3.11 shows how the network can be designed using the Resistive-Feedback amplifier. Since the loss is
not well modeled at cryogenic temperatures for this tapeout passive amplification using matching networks
is not chosen but can be considered as future work. Hence Noise Cancelling and Resistive-Feedback with-
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out passive amplification seem to be viable options for low-frequency low-noise amplification and will be
compared in the next chapter.

In the literature, CMOS is not used generally by the cryogenic community for low noise amplification.
SiGe(Silicon Germanium) amplifiers due to their high f or the current gain and HEMT’s(High Electron Mobil-
ity Transistors) due to their high electron mobility achieve low noise operation at much lower power. In other
words, they have low input referred noise due to high transconductance value. The following table shows
the state of the art which are all SiGe amplifiers. As can be seen, the state of the art Si-Ge LNA’s achieves low
noise temperature levels at very low power. There is no available art in CMOS LNA’s that even come close
to Si-Ge in their noise performance at cryogenic temperatures. However, one can see from the table below
that at room temperatures CMOS LNA’s dominate the state of the art. The objective of this thesis is also
to check the weather noise temperatures close to that of Si-Ge can be achieved by ordinary CMOS at cryo-
genic temperatures. The objective of this thesis is also to study the low noise levels that CMOS can achieve
at cryogenic temperatures. However, power consumption in CMOS LNA’s to achieve low noise levels will be
fundamentally higher due to transistor physics. However, CMOS due to maturity in the process can really
provide cost-effectiveness as compared to Si-Ge.

H Publication  Physical temperature Noise Temperature Bandwidth Technology ~ Power H

IMS [50] 16 2.8K 0.3-3GHz SiGe 32mW
IMS [51] 16 3.4-4K 2-4GHz SiGe 3mW
IMS [52] 18 5-8K 4-8GHz Si-Ge 760uW
IMS [53] 15 3.7-4.3 0.1-5GHz Si-Ge 20mW

IEEE RWS [36] 290 < 25K 700MHz-1.4GHz CMOS 45mW
JSSC [51] 290 < 14K 700MHz-1.4GHz CMOS 45mW
JSSC [54] 270 4K-10K 2GHz-8GHz HEMT 1w







LNA Design and Architecture

4.1. Introduction

In this chapter both the Noise-Canceling and Resistive-Feedback are compared for their expected broadband
noise performance at 4K base temperature. The motivation for selecting the adapted Resistive-Feedback LNA
is elucidated. The complete design of each of the circuit blocks including the bias network is explained. It is
followed by pre and post layout simulations to verify the performance of the LNA.

4.2, Noise-Canceling vs Resistive-Feedback
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Figure 4.1: Noise Cancelling balun LNA [39]

As discussed in the previous chapter, experimental evidence indicates that the noise contribution of the
transistors does not scale with temperature. Literature points out towards the presence of shot noise at cryo-
genic temperatures. However, still, it is an open question whether the limited scaling is due to shot noise
or due to self-heating. However, noise contribution due to resistors which is thermal in origin is expected to

23
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scale with temperature. In this chapter to gain intuition, the calculations are made using the thermal noise as-
sumption. The same can be proved taking the shot noise assumption. Noise-Canceling, Resistive-Feedback,
and Capacitive-Feedback are the simplest architectures giving broadband matching. Capacitive-Feedback
will give the best noise performance at room temperature, however, each of these is expected to give similar
performance at cryogenic temperature. This is because the resistive noise contribution in both the Noise-
Cancelling and Resistive-Feedback is expected to scale with temperature. In other words, the resistive noise
is expected to be way less than the drain current noise in the transistor channel. Input matching condition
in the capacitive feedback is very difficult to meet when the limited output impedance of the transistors is
taken into account as seen in the previous chapter. Figure 4.1 shows the Noise-Canceling amplifier. As de-
scribed in the previous section, the noise of the common gate transistor which is used for 50-Q matching is
canceled using a common source transistor. The input impedance of the Noise-canceling amplifier is given
by Z;, = 1/(gmcg) = Rs and the noise cancelling condition is given by gmcgRcg = gmcsRcs. Under the
noise canceling condition correlated noise of the common gate transistor which is present at two differential
outputs is canceled. The amplifier gain is given by A, = 2gmccRcc = 2gmcsRcs The total output noise in
matched condition is approximately given by

Vni,, ~4KTRcG +4KTygmcsReg (4.1)

The noise of the common source resistor is neglected. For achieving low noise levels, the common source
transistor must have high transconductance or gmcg << gmcs. And hence to meet the noise canceling
condition Rcg >> Rcs holds. From above, the low-frequency input referred noise can be derived and related
to gain of the amplifier as

2kTRy KT
vn? ="+ 227

2 _ (4.2)
m Ay gmcs

Here R; is the source resistance that is 50 ohm and A, is the gain of the amplifier. The first term in the above
expression comes from the resistive contribution of the noise which is dominated by the load resistor of the
common gate amplifier and is expected to scale with temperature. The only noise source that is expected to
be dominant at cryogenic temperatures is that of the common source stage. However, at higher frequencies
the parasitic capacitance Cy, which is mostly due to Cgs and Cg4 of the common source transistor impact the
noise canceling condition. Intuitively it can be seen that any mismatch in the noise-canceling condition will
result in a significant contribution of the noise of the common gate transistor at the output. This is especially
true if we are trying to achieve ultra low noise. The uncancelled noise of the common gate will be significant
and will dominates the total noise. The high-frequency input referred noise contribution due to common
gate transistor can be easily derived to be

KTy 2
ele gmee * |Heg(9)] (4.3)
Where
Heols) = —orRs (4.4)
CO =S¥ SCR, ‘

It can be seen from the equation 4.3 and 4.4 that the noise due to the common gate transistor has high pass
response or in other words, the input referred noise increases with an increase in the frequency. Hcg(s) is the
transfer function which determines the high-frequency response for the input referred noise. The total input
referred noise contribution due to transistors is given by

KT KT
vt = =Y Hea(s) + —T
gmcag gmcs

(4.5)
This can be rewritten in the form as

KTy
Vnf, = ——|Hnc(s)P? (4.6)
gmcs
Here the first factor is noise due to the common gate amplifier and second due to the common source
amplifier. At low frequency, Hcg(s) = 0 or in other words common gate noise is canceled but as the frequency
increases common gate noise begins to dominate.



4.2. Noise-Canceling vs Resistive-Feedback 25

VDD ——
RL §
RF Vout
A'AY
w o .
amCS idn
Rs [ @
Cp
Vs AT
GMND

Vv

Figure 4.2: Resistive feedback LNA [42]

Figure 4.2 shows the basic Resistive-Feedback low noise amplifier. The input impedance is approximately
given by Z;, = (Rr)/(gmRy) assuming the gain of the amplifier is high. The noise current at the output is
approximately half the drain noise of the transistor which is idn. This is because of feedback action. The
feedback action happens because of resistors Ry and Rg in the feedback loop. Suppose idn is the drain noise
current of the transistor and idn’ is the feedback noise current. Then

Rs

idn’:—(idn+idn’)RLRS+RFgmcs 4.7

For high LNA gain Rr >> Rg and using Rs = (Rr)/(gmcsR;) this equation reduces to
idn' = —— 4.8)

Hence total drain current noise going through the load is given by idn + idn’ which is idn/2 and input re-
ferred drain noise voltage is given by

Vr idn? 4.9)
nm = 5 .
4gme.g
Putting idn =4KTygm we get
2 _ KTy
Vn;, = gmes (4.10)

The result is same as that of Noise-Canceling case. Hence as far as low-frequency transistor noise is con-
cerned Resistive-Feedback and Noise-Canceling have the same input referred noise. The noise of the load
resistor when input referred is attenuated by a factor A, hence the contribution is minimal. Using small
signal analysis one can easily prove that the noise contribution of feedback resistor is approximately given
by AKTRp)/ (ngcsR%) which can be rewritten in terms of the gain and the source resistor as (KT Rg)/Ay.
Hence total low-frequency input-referred noise is given by

KTR KT
vp2 =t BTV

(4.11)
mo A, gmgs
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One can see from both equations 4.2 and 4.11 that as far as the resistive contribution is concerned, the Noise-
Canceling contributes twice as much noise for the same gain. However, that is not a concern for us as the
resistive contribution is expected to be negligible at the cryogenic temperature of 4K. One more subtle point
that is to be noted here is that in the Noise-Canceling amplifier, the resistor Rcg will be carrying DC current
while in the Resistive-Feedback topology the feedback resistor will not carry any DC current. Hence the noise
of the resistor R¢g in the Noise-canceling amplifier may not scale due to self-heating. Next point to be noted
is how the input referred noise varies for Resistive-Feedback as compared to Noise-Canceling for high fre-
quencies. Intuition tells us that the variation must be much smaller. Unlike the Noise-Canceling, no noise
canceling condition in the Resistive-Feedback has to be perfectly met. In the Resistive-Feedback, the pres-
ence of the parasitic poles reduces the feedback factor and hence causes the drain noise to increase at higher
frequencies. One can now write

—(idn+idn")R;

mes =idn’ 4.12
Z+Rpg CS (4.12)

where Z is Rg//sCp. Using this one can arrive at the conclusion that idn' = —idn/(1+ Z/R;). Total output
noise current is given by id(Z/(Z + Rs)). The high-frequency input referred noise can be writtern as

KT
Y Hpp(s)? 4.13)
CS

an?n = am
where Hgr(s) = (2+2SCpRs)/(2 + SCpRs) Comparing equation 4.6 and 4.13, it is the high-frequency noise
response Hy¢(s) and Hgrr(s) in Noise-Canceling and Resistive-Feedback that makes the difference. As will be
seen later, an approximate transconductance of order 1A/V will be required to reach a 10K transistor contribu-
tion to noise temperature using partial current reuse. The input parasitics for such a large transconductance
value comes out to be close to 3pE In all of the above analysis, the gate induced noise is neglected as it is
expected to scale way more than drain current noise. The Figure 4.3 shows Matlab results for transfer func-
tions Hyc(s) and Hgr(s). As seen in the figure 4.3, the high-frequency transistor noise in the Noise-Canceling
amplifier increases significantly as compared to the Resistive-Feedback. This is expected as there is no deli-
cate noise canceling condition that is required to be met in the Resistive-Feedback. Hence, due to robustness
and superior high-frequency noise performance of Resistive-Feedback it is chosen as topology to be imple-
mented. The benefits that balun Noise-Canceling amplifier will give with respect to Resistive-Feedback is
better linearity for same gain since the output is differential. In our application linearity is not a primary
issue since the input to the LNA will be close to 177 nV per channel and hence even for 20 to 30 qubit chan-
nels the peak to peak input is expected to be less than 5-6uV and the output to be less than 1 mV. Hence, the
linearity is not expected to be an issue.

4.3. Architecture Resistive-Feedback

4.3.1. Effect of inductance at the gate
The effect of the parasitic pole due to Cp also causes the attenuation of the signal at the input of the amplifier.
The signal transfer to the input is given by V;,, = Vs/(2 + sCpRgs). The parasitic pole also modifies the noise
transfer to the output. The input referred noise as seen in the previous section is given by equation 4.13.
Hence the signal to noise ratio taking only transistor noise into account is given by

Vixgm

s *8 2
4K Ty | H($)] (4.14)

SNRyithoutinductor =

where H(s) =1/(1 + SCpRg).

Hence it can be seen that the parasitic pole causes SNR to degrade at high frequencies. Adding the induc-
tor at the gate as shown in the figure 4.4 neutralizes the gate capacitance at high frequencies. It can be easily
seen that

Vs xgm 2
SNRyithinductor = W”{ind(sn (4.15)

where H;,4(s) = 1/(1+SCpRs+ S?LCp). We choose the inductor L for some in-band peaking in the SNR. L
can be optimally chosen such that the band in which signal to noise ratio remains above (VS2 * gm)/(4KT) is
maximum. The frequency at which the SNR is same as that of DC can be found by solving | H;,,4(s)| = 1. This
gives

(1-w?LC)* +w*C3R; =1 (4.16)
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Figure 4.3: Noise Cancelling vs Resistive Feedback high frequency noise performance. The plot shows how the high frequency noise
performance of the Noise-Canceling amplifier degrades rapidly with frequency.
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Figure 4.4: Gate inductance Lgq¢e is added in the schematic to suppress degradation in high frequency NF

Solving the above equation one can arrive at

2LCp— C3R?

2
w

2

[2C2

(4.17)
w=0 (4.18)

For L < (CpR?)/2, only w = 0 is the solution hence L = (CpR?)/2 corresponds to maximally flat response.
To maximize the bandwidth differentiate equation 4.17 with respect to L and putting dw/dL = 0 we get L =
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Figure 4.5: H;,;4(S) vs frequency for different values of the gate inductor. This figure shows how the signal to noise ratio signal to noise
ratio varies for different value of gate inductance. The SNR dependence on H;,;(S) is given by equation 4.15
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Figure 4.6: The Figure shows how the NF varies with and without inductance. The plot only shows transistor drain noise contribution.

C pRé. This is the approximate magnitude of the inductance that is needed at the gate. The figure 4.5 shows
the transfer function | H;,,4(S)| vs frequency for different values of gate inductor. The later sections will show
the final architecture of the LNA. The figure 4.6 shows the noise figure of the designed LNA with and without
the optimized inductor at the gate. Transistor drain current noise is taken in this simulation as it is expected
to dominate at 4K.

4.3.2. Cascaded LNA architecture

Figure 4.7 shows two LNA configurations with the Resistive-Feedback. It is desirable to achieve gain as large as
possible in the LNA itself so that power consumption of succeeding stages can be reduced. For e.g, if we make
the LNA having 10K noise contribution with 20 dB gain, the noise temperature of the second stage has to be
less than 100k for its contribution to be less than 1k in the total input referred noise. In configuration A, the
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Figure 4.7: Cascading two LNA stages

second stage is kept inside the feedback loop. The input impedance, in this case, is given by Z;,, = Rp/ A1 A2.
The transistor contribution to input referred noise is given in this case is given as

2 _KT)/ KTy

V2 = P
nogml  Al2gm2

(4.19)

Both the transconductors, gm1 and gm?2 are in the feedback loop and hence as proved in the previous section
the feedback suppresses drain noise power by a factor of 4. In configuration B the second amplification stage
is outside the feedback loop hence the total input referred noise is given by

2 KT)/Jr 4K Ty

Vn;, = —
meml  Al2gm?2

(4.20)
One can see factor four increase in the second stage noise and hence second stage can cost four times the
power if it is not kept inside the feedback loop. To elucidate the gravity of this situation taking previous
example now one needs second stage LNA to be consuming power close to what is required for 25k LNA
rather than 100K. Now one might argue for the stability of the circuit in configuration A since it consists of
two stages and which will have multiple poles and may degrade the phase margin. The overall loop gain L of
the circuit is given by the equation 4.21 for the condition of perfect match

Rs
Rs+ Rp

L=A1A2

(4.21)

This is approximately A1A2Rgs/Rp. From the input impedance relation, one can see that the loop gain of
the LNA in a perfectly matched configuration is 1. Even if there are two dominant poles lying on the same
location, the loop gain would have dropped 6db as loop phase drops by 90 degrees. Now the total phase lag
across the loop will be 270 degrees while the loop gain is -6db. Hence the condition for instability that is
360-degree loop phase and loop gain of 1 would never happen.

4.3.3. Need for differential LNA

For a robust design, it is necessary to keep the current loops inside the chip. Differential configuration keeps
the current loops inside the chip. Single-ended configurations suffer from degeneration. Also, differential
configuration enhances power supply rejection. However in the present design due to power considerations,
the first stage has been kept single ended. This is because since the input is single-ended, power consumed
to reach the same noise performance is approximately 4 times if the differential configuration is used. Also,
each of the two transistors in differential configuration has to be twice as much size as in single-ended and
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hence drastically impacting the bandwidth of operation. The input referred noise of a single ended common
source amplifier is 4K Ty/gm and a differential amplifier with same current consumption approximately is
16K Ty/gm. Since the first stage is single ended the current loop will extend beyond the chip i.e the current
will flow through bond wires causing degeneration. The current loop for the first stage will be completed both
through on-chip the decoupling capacitor and decoupling capacitors on PCB traces. The subsequent stages
are differential in nature. The last stage or the output buffer is used to drive the 50-ohm load of the VNA and
spectrum analyzer.

VDDMAIN VDDBALUN
LBond1 LBond2 £ yddbalun
vddmain
RL1

4| M3 RL2§_ RL3§._
. :l _l e +  Vout

vssmain-l M

CACI L ' vddbalun vddbalun

vddmain{[ M2 ALm7 [ we
I — e i

CAC1 CAC3
vssmain C'E"C‘g] Rfeedback

Vs |
® viﬁ. vsshalun

Lbndeé
J7l.f3l'~l[)l

Lbond4

Figure 4.8: LNA architecture with parasitic and bondwires

4.4. LNA Design and layout

4.4.1. First Stage and Low impedance output buffer

Figure 4.8 shows the designed low noise amplifier. The first stage is a simple cascode amplifier with an output
buffer M5. This is followed by a balun for single-ended to differential conversion. The feedback is taken from
one of the outputs of the balun such that the overall feedback is negative. The gate inductor Lg,. is used for
enhancing the high-frequency performance. The cascode configuration is used in the first stage to reduce
the effect due to Cg else the effective input gate to drain capacitance would have been increased due to the
Miller effect. To save power, partial current reuse is used. Both the PMOS and the NMOS are used for ampli-
fication where gmp = gmn/2. In this case, both PMOS and NMOS are of equal size and the current through
them is approximately equal. Since broadband performance to 1GHz was required full current reuse was not
used as then the size of PMOS would have to be approximately doubled leading to a 33 % increase in parasitic
capacitance. The gm/Id ratio of NMOS used in the cascode is 10 and gm/Id of PMOS is 6. High gm/Id leads to
greater power efficiency but increases parasitic capacitances. To decouple the bias points for both NMOS and
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PMOS an AC coupling capacitor of value 15pF is used. Total parasitic input capacitance comes approximately
to be 3pF which includes the Cg; and Cgq of the NMOS and the PMOS, bond pad capacitance of 400f and the
parasitics of the ac-coupling capacitor. Both the top and the bottom plate capacitance of the AC coupling
capacitor adds to the overall input parasitics. The impedance seen looking into the PMOS and NMOS cas-
code transistors should be low otherwise there would be signal gain from the gate of NMOS/PMOS(M1/M3)
to the drain and hence increasing effective Cg4 due to Miller effect. Hence the impedance seen at the drain
of NMOS/PMOS cascode transistors should be low. An output buffer of approximate input impedance 10-
ohm is used for this purpose. This corresponds to a transconductance of 100mS. The supply of the cascode
amplifier of the first stage is kept different from the buffer to reduce the coupling. Otherwise, the ac current
going through the buffer would flow through the bondwires and will disturb the source of PMOS M3. Making
a single supply and adding decoupling capacitors could have kept the current loops inside the chip without
causing any degeneration. In other words, the current would have flown through the decoupling capacitor
rather than the bondwires. However, that would have required a huge amount of decoupling especially at
lower frequencies around 100MHz(> 1nF). Hence, the supply of the buffer and the cascode is kept different
and some decoupling(250pF) is added from the supply to ground. In this way, the current flowing through
the bondwires is kept the minimum. However, there is still some degeneration as not all the current loops are
completed on the chip.
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Figure 4.9: Noise summary of the first stage showing noise contribution of various transistors in kelvin(K)

Figure 4.9 shows the noise contribution of the transistors of the first stage at 500MHz. Both the cas-
code transistors and the output buffer are degenerate and hence contribute very little noise. The first stage
low-frequency gain is close to 29dB. The 3dB bandwidth is dependent on both the supply and ground bond
wire inductance. The first stage is single ended and hence both supply and ground bondwire inductance
must be reduced. Otherwise, it would lead to degeneration of both the PMOS and NMOS transconductors
impacting the 3db bandwidth. Signal degeneration due to bond wires would also cause an increase in the
high-frequency noise contribution of succeeding stages. Hence a large number of supply and ground bond
pads are used to reduce the inductance. The load resistance Ry; is kept programmable to accommodate
process and temperature variations. Hence the load RL1 is a segmented resistive DAC. R=65 ohm is a fixed
resistor while R,2R,4R,8R are programmable load resistors. For constant current the transconductance is ex-
pected to increase by a factor of 2 at 4K hence the load can be trimmed to half the value to keep gain constant
since matching depends on feedback resistance Rr and gain A,. In the buffer M5, the bulk is connected
to the source to reduce the threshold and to keep first stage cascode transistors in saturation. The bulks of
M2 and M4 are not connected to the source to increase the transconductance i.e 1/gm+gmb and hence to
decrease input impedance seen at the source of cascode transistors. This will reduce the effective Cg,4. The
cascodes are then biased at supply rails to accommodate 1.1V operation. Fringe capacitor CACI is used to
isolate bias points of the NMOS and PMOS transconductors. The Capacitor CAC1 will introduce parasitics
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and hence top-most metal layers which can be used to synthesize the capacitors are used to minimize the
parasitics. Out of the 7 metal layers available for TSMC-40nm, M3, M4, and M5 are top-most metal layers
used to make the capacitors. Hence fringe capacitance is realized using these metal layers to minimize the
parasitic capacitance. The parasitic capacitance to substrate ground will add to overall input capacitance.
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Figure 4.10: The figure shows how the substrate noise can couple to the input through parasitic capacitance Cpar. The Cpar here is the
equivalent parasitic capacitance to the substrate
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Figure 4.11: AC coupling capacitor layout showing nwell periphery between capacitor boundary and the actual bulk contact.

Another concern using the AC coupling capacitor CACL1 is the substrate noise. The capacitor layout is
carefully chosen to reduce substrate noise. Measurements from the literature indicate that substrate resis-
tivity explodes at 4K [11, 12]. Hence to reduce parasitics at 4K nonshielded RF MOM capacitors are used.
However, the drawback is substrate noise introduced. Figure 4.10 shows how substrate noise gets coupled to
the input. Here Cpar is the parasitic capacitance to the substrate which can couple substrate noise at the
input. The impact due to Ry, psrare Shows actually parabolic behavior. The noise that gets coupled has max-
imum values at some intermediate value of R, pssrqre- One can intuitively see this. Noise due to Rgypsirate
increases with increase in Ry, ps;rare- After a certain point, it reaches the maximum value. While increasing
the Rg,pstrare further leads to the noise due to substrate resistance getting attenuated due to the resistive divi-
sion. This can be seen in the figure 4.10. Hence layout in figure 4.11 ensures that room temperature substrate
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Figure 4.12: The figure shows replica bias used to bias the first stage PMOS and thus controlling buffer current.

noise is low enough. Rather than intrinsic silicon, the layer below the capacitor is chosen as N+. Between the
actual bulk contact and the N+ layer below the capacitor, there is a nwell ring which acts as a small resistance
of value 20 ohms which contributes negligible substrate noise. At 4K this resistance is expected to explode by
a factor of 10° hence effectively killing the effect due to Cpar-

In the layout, the PMOS is split into two parts. It was done to serve two purposes. Source and drain rout-
ing for the first stage was primarily done in the topmost metal 7 layer to reduce the voltage drop across the
cascode. This is because the first stage cascode is expected to carry a substantial amount of current(60mA).
The routing for the gate was done in the less thick M6 layer due to routing constraints. However, since the
gate routing was done in M6 it adds gate resistance. Hence splitting the PMOS effectively helps in reducing
gate resistance of the trace used for connecting the PMOS. Effective gate resistance added by routing traces is
given by (rp * gmp? + rn+ gmn?)/(gmn+ gmp)?. Here rp and rn is the effective gate trace resistance used
for connecting PMOS and NMOS. As will be seen later, the gate trace resistance will increase the noise by 1K
after the layout. This is equivalent to addition of 0.16 ohms effective input resistance.

Also effectively twice as much decoupling capacitance can be connected close to PMOS trans conductor
both on and off the chip. This can help subdue the effect of supply bondwires. The current flows in loops
hence keeping decoupling capacitor as close as possible will help to shorten the current loops. The total
power consumption of first-stage for achieving 10K noise contribution of the transistors is close to 66mW
running on 1.1v supply at room temperature with the low-frequency gain of 29dB. Figure 4.11 shows the bi-
asing for the first stage. It can be seen that AC coupling capacitor CAC1 is used to isolate the bias points. Both
PMOS and NMOS are biased separately. Both bias points cannot be kept equal due to the low supply(1.1V)
and the high threshold of the devices i.e 0.55V. Hence if the same bias-point is selected either one of them
would be off or in weak inversion and hence would require very large size transistors to get the required
transconductance. Bias for the all the NMOS transistors (mainbias) in the figure 4.12 comes from a constant
gm circuit. The difference of currents in M3 and M1 flow through the buffer. Current through the buffer M5
is controlled by controlling current through PMOS M3. This is done using the current DAC made of transis-
tors MB9, MB11, MB14 and MB16. All the transistors used in the first stage are short channel devices(50nm)
to improve high-frequency performance hence suffer from significant shot channel effects like DIBL(Drain
induced barrier lowering) which makes threshold dependent on the drain to source voltage of the transistor.
It was seen that the noise increased drastically when one goes from 50nm to 40nm. The noise performance
improves as one increases channel length further but on the contrary input capacitance increases. Hence
50nm was found as the optimum enabling good power efficiency with current re. Hence to ensure matching
of the threshold voltages, replica bias is used in which a cascode replica of the circuit is used for controlling
the current through M3. Hence pseudo differential amplifier comprising of the transistors from MB1 to MB4
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are used as the level shifter to keep all the transistors in saturation and to have vdd/2 across each PMOS
and NMOS cascodes of the bias. Not using the level shifter and hence diode connecting PMOS MB5 will leave
NMOS transistors out of out of saturation. A four bit current DAC is used to control the buffer current through
Mb5. The DAC is designed to compensate for any process variations and mismatch. If I is the current through
NMOS M1, the buffer current can be controlled from 0 to I/4 with 1/8 being typical. Typical current is set
1/8 which is approximately 7.5mA corresponding to 10 ohm buffer impedance. The bias resistors Rj;,s; and
Rpiase are of the order of 60KQ. The bias resistors should be high to reduce their noise contribution. The
high value of bias resistors serves a dual purpose first to attenuate noise of the bias circuit and second is to
attenuate its own noise. From this logic, it may seem that the higher the value of Ry;,; better it is as the at-
tenuation will be more. However after some value of Ry;,s parasitic capacitance of Ry;,; dominates. Higher
the value of resistor higher will be parasitics introduced due to it which will be added directly at the input of
the LNA. Hence the value was restricted to 60KQ. Attenuation factor is given by 50/60000 which is approxi-
mately 1/1200. Hence the noise of the bias circuit will be attenuated approximately 60dB and hence will be
negligible. The noise that the bias resistors will inject approximately at the input.

2
yp _ AKTRS

bias —

(4.22)
Rpias

Since this is at the input of the LNA this is equivalent to input referred resistance of Ré/ Rpiqs which is ap-
proximately equal 1/24Q . Two of such resistors (one for NMOS and other for PMOS) will add approximately
1/12Q which corresponds to 0.6K in noise temperature at room temperature. The capacitor here Cp;4; is the
external bias AC coupling capacitor.

4.4.2. Second stage Balun
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Figure 4.13: Balun noise summary and biasing

As discussed previously in order to mitigate interstage coupling single-ended to differential converter is
used in the second stage. The second stage is designed for a differential gain of greater than 12db such that
the current consumption of post-processing circuits will add a negligible amount of noise. The total gain
of the LNA now exceeds 40dB. A Balun is used instead of a differential amplifier because of its low input re-
ferred noise. The input referred noise for a single-ended to differential conversion comes out to be 8K T'y/gm
for a differential amplifier and 6K Ty/gm for balun for same input power. Hence noise contribution due to
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balun is approximately 25% less than a differential amplifier. Figure 4.13 shows noise summary of the balun
at 500MHz. To keep noise contribution below 0.5K approximately 7mW is spent. As discussed in the previous
section on architecture, balun will be in the feedback loop to reduce the noise four times. If the balun is not
inside the feedback loop, power consumption for 0.5K noise contribution will be close to 28mW. Balun and
succeeding stages unlike the first stage are made using 100nm transistors to reduce noise as the bandwidth
requirements of the succeeding stages are way relaxed than the first stage. This is because 100nm transistors
have lesser drain noise level (20 percent) as compared 50nm transistors. This illustrates the significance of
keeping balun in feedback loop as well as necessity of having high gain in the first stage to reduce the noise
contribution from the second stage. Noise from M6,M7 and M8 is available at the + output of balun hence
the feedback action causes suppression by a factor of 4. Also M6 is the highest contributor as its noise which
is present at both differential outputs is correlated and out of phase by 180 degrees. Hence, its noise contri-
bution is expected to be 4 times the other contributors. Again like the first stage the balun load resistance
is made programmable to compensate for process and temperature variations. Balun like the first stage is
also biased with high resistance bias resistors Rj;,s3 and Rp;4s4 as shown in Figure 4.13. The bias resistor
Rpias3 should be much greater than the series impedance of AC coupling capacitor CAC2 and RL1 as can be
seen from the Figure 4.12. Similarly, the resistance Ry 454 must be much greater than 1/gm3 for significantly
attenuating the noise of both bias source as well as bias resistors. Simulation results suggested the value of
25KQ for both the resistors. The load resistor are also kept programmable in the balun to trim the gain for
input matching.

4.4.3. Differential gain stages for noise measurement
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Figure 4.14: The differential gain stage to acting as a pre-amplifier to enable low power spectral density noise measurements. The figure
also shows the how he amplifier is biased

A spectrum analyzer without pre-amplifier option was used for measuring noise both for room temper-
ature and cryogenic measurements. The instrument has a finite resolution of -167 dBm/Hz. Power spectral
density at room temperature due to the source is equal to

Pinzpox = KT =-174dbm/Hz (4.23)

If one wants to measure with a resolution of 0.1k then power spectral density corresponding to 0.1K at the
input

Pl'l’l().lK =-209dbm/Hz (4.24)
Corresponding Output power spectral density is given by
Pouty1x =-209dbm/Hz+ G (4.25)

Here G is the gain or Sy; of the LNA after post amplification. The output power change must be much greater
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than the resolution of the spectrum analyzer.
Poutyi1x =-167dbm/Hz (4.26)

which gives G = 42db. At 4K the long cables going inside the dip stick to PCB will be used for measurements.
Hence there would be cable losses which have to be accounted. Some margin is taken, therefore. Simple
differential amplifiers are added for noise measurements to increase the gain from 43dB approximately to
54dB. Each of the differential amplifiers gives 9dB of gain. However at output their is 6 dB of loss due to
output terminations. Figure 4.14 shows the schematic of used differential gain stages. Since the amplifier is
differential in nature its supply is shared with balun and output buffer of the first stage. Also, all the amplifiers
are AC coupled so that offset cannot propagate forward which could change DC bias points of one of the gain
stages. This offset propagation could, in fact, ruin the measurements.

4.4.4. 50 ohm differential to single ended output buffer
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Figure 4.15: The 50-ohm output buffer to drive the VNA and the spectrum analyzer. The figure also shows the biasing of the output
buffer.

Figure 4.15 shows differential to single ended output buffer. The differential gain of the buffer is given by

1 gmleRL+gm17RL
2 1 +gm16RL

Agas = (4.27)

The bulk and the source of the transistor M16 is connected together and hence gm;g = gmj7. The gmyg,
which determines the output impedance of the buffer for 50Q2 matching is selected as gmig = 1/R = 50Q.
Hence for an ideal case, the differential gain is equal to % or a loss of -6db due to output matching. The
50Q output buffer can be controlled using another constant gm bias. Also, the current of M17 is made pro-
grammable using current DAC. Again both the biasing resistors should be high enough so that their noise
contribution is low due to attenuation.

4.4.5. Feedback Resistor

Feedback resistor of a typical value 4KQ is used in the design. The differential gain of the core LNA is 43dB
which corresponds to the single-ended gain of 37dB as seen on one of the differential outputs connected
to the feedback resistor. This corresponds to an input impedance of 56 ohms or S11 of -25 dB. The feed-
back resistor can be trimmed to either 3KQ, 4KQ, and 5KQ. With one of these three resistor values a decent
S11(S11 < —10dB) can be achieved even if there is +6dB change in the gain. As shown in the figure 4.16 one of
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the resistance is switched as a feedback resistor using one of the PMOS switches. PMOS switches are imple-
mented using 100nm transistors to reduce threshold which is approximately 0.5V. Typical room temperature
source and drain potential of the PMOS switches are close to 0.9V corresponding to gate to source voltage
of 0.9V. Switch resistance is close to 150 ohms typical. The bulk of the switches are connected to the supply
rather than the source to mitigate parasitic bulk capacitance which would have been added to the input. At
cryogenic temperatures both the threshold and mobility is expected to rise. Threshold of these switches are
expected to be 0.7V based on the measurements However, if one takes into account the constant gm opera-
tion, current will also reduce by a factor of half at 4K. Hence the V,, is expected to decrease from 0.4V to 0.3V.
Along with this mobility will increase by a factor of 2. Hence, the switch resistance is expected to decrease at
4K. This can be seen from the following equation of R,,,.

Rop (4.28)

Vov it

Noise due to the resistors that are not used, example the 3K and 5K resistors as shown in figure 4.16 can
couple through parasitic Cy; to the input. Hence a large number of switches cannot be used for very fine
trimming of feedback resistance. Also, care was taken care and simulations were performed since there is
also a chance the noise from transistors driving the transistor MBF2 can couple at the input through Cg.
Hence the switch size was carefully chosen. However, the noise at the gate of the transistor MBF2 will appear
at the input after attenuation because of the lower value of Cgy. There is a capacitive division between Cpq,
of the total input capacitance and Cg4 of PMOS used to switch feedback resistance. The lower the size of the
switch the more will be attenuation of noise from the digital driver.
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Figure 4.16: Feedback Resistor to control the input matching of the LNA

4.4.6. Constant gm bias
The gm expression for 1:2 (Wygs : Wpg7) ratio of the core transistors in the constant gm bias circuit is given
by the following equation.

2-v2_ 0585 (4.29)
R R

Figure 4.17 shows the modified constant gm bias which is used to bias the first stage. The channel length
is selected as 50nm which is the same as that of NMOS used in the first stage. This is done for matching
and to mitigate any length dependent short channel effect such as threshold voltage dependence on length.
The ratio between sizing Mcgs and Mcg7 is kept 1:2 as discussed earlier. In contrast to traditional constant
gm bias, the modified constant gm circuit is used [55]. It has another loop comprising of the transistors
Mcgs and Mcgs. This loop is used for the dual purpose, first is to make Iy;cg1 = Imcge and second is to
make Vthycge = Vthaycgr. The additional feedback loop makes the gate voltage of transistor Mcg) ap-
proximately equal to drain voltage of M¢g, or node X. This ensures that In;cg1 = Imcge since the gate and
drain voltages of both the transistors are equal there is almost no current mismatch due to channel length
modulation effect. Also, this ensures that drain voltages of transistors Mcgs and Mcg7 are equal hence re-
duces threshold mismatch in the transistors Mcgs and M¢g7 due to DIBL (Drain induced barrier lowering).

gm=
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Figure 4.17: Constant gm bias circuit used to bias the NMOS transconductor of the first stage and NMOS transistors in the replica bias.

The threshold mismatch can add more temperature dependency in transconductance. The PMOS current
sources are made of 100nm devices to further reduce current mismatch due to channel length modulation.
Also using the deep nwell, body, and source of the transistor M7 are connected together for matching with
the threshold of M¢gg. Intuitively the circuit feedback works as described. The aspect ratio of the PMOS tran-
sistors Mcg1 ,Mcgz and Mcgs are the kept same. Also, the aspect ratio of NMOS transistors Mcgs and Mcgg
are kept the same. Since the gate of Mcgs and Mg are connected the current through them is approximately
same assuming they are in saturation. This further suggests that Vs¢ of transistors M¢g; and Mcgs has to be
approximately the same since the current through them is equal. Hence the node X follows gate/drain voltage
of transistor M. Drain voltage of M¢gs is made approximately equal to that of M¢ge and Mcg7 by using
NMOS Mc¢g4 which replicates vddbias— Vs drop across PMOS Mg and Mcgz. Using the long channel ap-
proximation one can see that effective transconductance of transistor Mcgg is gmarcge = gm while for Mgz
itis given by gmpcgr = V2 gm/ W2 gmRcgm+1). This is due to degeneration of transistor Mcgy. Since in this
circuit gm = 0.5851/ Rgm, the effective transconductance for Mcgy7 is given by gmpcez = 0.77gm. Seeing the
loop starting from node X one can see that the negative feedback effect due to transistor gmscge is greater
than positive feedback due to M¢g7. One can effectively prove that if the transistors Mcgs and M7 are sized
in the ratio 1 : a then transconductance of Mcg7 is equal to (vagm)/(2y/a — 1) which is never greater than or
equal to gm for a greater than one hence even with mismatch in our case with a = 2 negative feedback will
always be greater than positive feedback.

It is seen in the simulations that the gm of the circuit is close to the long channel expression even when
short channel devices are used. The most probable reason could be low V,,, of the operating transistor. For
good power efficiency, the transistors are operated with an overdrive of 70mV. Hence the channel pinch-off
seems to occur before velocity saturation. The reason for choosing 1:2 ratio rather than 1:4 ratio which would
have given gm = 1/R is to prevent transistor M CG7 from entering the sub-threshold region. At 4K, it is ex-
pected that mobility will increase by a factor of two. Hence to keep the same transconductance, overdrive
will be even less and the gm is expected to even close to the long channel expression. The shot noise com-
ponent which is proportional to the current is expected to be twice as less than for constant gm. Rcgy is
made programmable to first account for any process variation in the resistor and also to account for mis-
match variations. The bias node main bias will directly bias the first stage amplifier using the biasing resistor.
6 bit segmented R DAC is used for trimming transconductance to account for any process and temperature
variations. If gm is the nominal value of transconductance, the transconductance dynamic range varies from
0 to 3gm. The range of 0 to 2gm will be used at room temperature which can easily compensate for process
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variations and mismatch. Monte-Carlo mismatch simulations showed sigma in gm of approximately 70ms
for the mean value of 640ms. On top of this, there will be + 20% process variation in resistance that has to
be compensated. Hence trimming is added in order to compensate for this effect. Since the LNA is not fully
differential, source degeneration could be a problem hence transconductance can be decreased if source de-
generation turns out to be a problem or in other words, the estimated bond wire and PCB inductance turns
out to be way greater. Figure 4.18 shows the traditional constant gm bias used to bias balun and gain stages.
Both the PMOS and NMOS are made using 100nm transistors to match the transistors of balun and gain
stages. The drain induced barrier lowering effect is a short channel effect and is more pronounced in 50nm
devices. Hence for the balun,gain stages and the output buffer which uses 100nm transistors traditional con-
stant gm bias used. The gm is made programmable in each of the bias circuits. In all the constant gm circuits
one of the equilibrium states could be zero current state. In this state, the PMOS gate is high or close to
Vdd and the NMOS gate is low or close to gnd. To mitigate this startup condition from happening a diode
connected NMOS is added between gates of PMOS and NMOS. If such a state happens diode-connected tran-
sistor causes charge to flow from gate of PMOS to the gate of NMOS and hence helping the circuit to come to
the operational state.
Figure 4.19 shows external bias control for the main stage.
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Figure 4.18: Constant gm bias for balun, gain stages and the output the buffer

4.4.7. Chip Layout with Padring

To enable digital control an SPI(serial peripheral interface) is used and synthesized. Figure 7.19 shows the
overall chip layout with padring. The area of the chip is limited by the padring. The overall chip area is
approximately 1 x 1.1mm?. The number of the pads used in the padring were 34. Approximately 6 pads are
used for supply and 4 for ground in order to reduce bond pad inductance of the first stage. The chip will
be placed inside a ground plane on the PCB. The length of ground wire-bond connection is expected to be
shorterr as compared to supply wire-bond. Hence larger number of supply bond pads are used. An internal
temperature diode is also put close to the amplifier to get an estimate of temperature.

4.5, Gate inductance and it’s impact on S11

The gate inductance helps in improving broadband noise figure. In the design, an external gate inductance on
PCB is used. This is because an external inductor will have much higher quality factor than an on-chip 6.6nH
inductor. If an on-chip gate inductor is used it will dominate the overall noise temperature of the LNA at the
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Figure 4.19: External bias control to enable external control of the LNA bias points in the case the internal bias malfunctions at cryogenic
temperatures

Bias Circuits

Output buffer
(Gain Measurement)

Qutput Buffer

First Stage (Noise Measurement)

Feedback

Resistor
Digital Control (sp1)

Temperature Gain Stages

Balun

Sensor (Noise Measurements)

Figure 4.20: Top level layout with the padring showing the location of the LNA, gain stages, bias circuits, and SPI

room temperature. Hence to study the behavior of transistor noise for experimental purposes when one goes
from room temperature to cryogenic temperature an external gate inductor is used so that room temperature
performance is not impacted. Gate inductance also helps in neutralizing some input capacitance. Input
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impedance without inductor is dominated by input capacitance.

. 2
Rin ]wcpur*Rin

_ _ (4.30)
1+w?C5,,R: 1+ w?C5,RY,

in

Inductance with L = CR? neutralizes some capacitance to improve S11 < —10 db bandwidth. The modified
S11 now is
Rin Cpar * R?n

=" jjel-—CE (4.31)
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Figure 4.21: Top level Simulation Setup

For simulations, set up in the figure 4.21 is used for S parameter and noise figure simulations. The RF
choke is connected to represent long wires which is particularly important for 4K measurements. On-chip
decoupling capacitors are used in the first stage to reduce degeneration of the first stage PMOS and NMOS
transconductors. The simulation setup also represents how the chip is connected on the PCB.

Figure 4.22 shows the schematic level simulations of S parameters with and without bond wires. As dis-
cussed in the previous section, 250pF of on-chip decoupling is used to prevent degeneration of NMOS and
PMOS transconductors of the first stage. Total approximate value of on-chip decoupling used is equal 250 pE
However, still the 3db bandwidth reduces significantly from 1.5GHz to 1.2GHz when the effect of bond-wires
is considered due to source degeneration. The ground bond wires of value 1nH are approximately taken in
simulations and the supply bond wires are taken to be 2 nH. This is because the chip will be placed on the
ground plane. Hence, because of the shorter length of the bondwires, the ground bondwire inductance is
expected to be much lesser as compared to supply bondwires. Also it can be seen in the figure 4.22, band
in which S11 < -10dB increases. This is because source degeneration increases the effective impedance
seen looking at source to gate capacitancei.e (Cgs+ Ls+gmL;/Cgs). This is the standard result from source
degeneration amplifier. Hence it can be seen that the resistance gmL;/Cgq; decreases the current through
Cgs. The gain shown in the S parameter simulations is of overall noise chain including the post-amplifiers
required for noise measurement. The In-band gain including post amplifier is approximately 54dB. The gain
after post amplification is 60dB. Approximately 6dB gain is lost due to output matching. Hence differential
gain of the amplifier after post amplification is approximately 60dB. The differential gain of the core LNA(first
stage+balun (4.8) is close to 42.5 dB which corresponds to single ended gain of 36.5dB. The default value of
feedback resistance is 4KQ. This corresponds to default input impedance of 60 ohms or S11 of —21dB. The
reverse isolation also decreases due to bond wires however it is still negligible.

Figure 4.23 shows the post layout and schematic S parameter simulations taking bondwires into consid-
eration. The low frequency gain of the noise chain decreases by about 2dB. The output of each stage is ac cou-
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Figure 4.22: Schematic level S parameter simulation of the LNA after post amplification with and without taking the effect of bond-wires
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Figure 4.23: Simulated schematic and post-layout S parameter simulations of the LNA after post amplification including effect of bond-
wires

pled to succeeding stages and hence increase in the parasitics causes some attenuation due to ac-coupling
capacitance and input capacitance of succeeding stages. However still the gain level is high enough for accu-
rate noise measurements. Figure 4.24 shows the top level small signal schematic diagram without the biasing
and ac-coupling capacitors. Gain measurement buffer bypasses the post amplifiers used for noise measure-
ment and is used to measure the differential gain of the core LNA. The gain of the balun is also kept limited
because of loading due to the buffer for gain measurement and differential amplifier for noise measurement
will limit the bandwidth of the balun. However, still the overall bandwidth is dominated by the input pole
of the LNA. Figure 4.25 shows the post layout gain of the gain measurement buffer. The buffer is the copy of
the buffer used in noise measurements. The Sy; of the LNA is different from the open loop gain single ended
gain A, that is used to make the amplifier. The relationships can be derived using simple algebra. Suppose
Vin is the incident wave to the input of the Resistive-Feedback amplifier then V;; (R;; — Rs)/ (Ri» + Rs) is then
reflected signal from the LNA. Effective input to the LNA is the superposition of these to waves and is given
by Vinput = 2VinRin! (Rin + Rs). Using R, = Rp/ Ay and Voyp = Ay Vippur ONe can get

(4.32)
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Figure 4.25: Simulated post-layout gain of the LNA core read from the gain measurement buffer

For the gain measurement buffer chain total Sy; (fotal) is given by

2RFAbuffer
So1(total) = ————— 4.33
21(total) Ret Rin (4.33)
Only in the case of perfect input match i.e (Ry = Rip), Sp1(total) = 2« Apyrfer Ap. The factor 2 is added
because differential gain is twice the single ended gain. The buffer gain is -6db or 1/2 for the output match.

The direct S»; gain measurement using the buffer can also be used to predict low frequency S;; by using

2Rr

— -R 4.34
So1(total) § ( )

Rin

The 36.5d B post layout S,; measurement of the core LNA indicates an input impedance of 630hms which
corresponds to low frequency S11 of —164B and input impedance of 70 ohms. It can be seen in the simula-
tions that S;; is close to this value. On the silicon Sj; will be directly measured. This was just to elucidate
that the numbers make sense. Hence from pre-layout to post-layout default S11 worsens a bit. Also reverse
isolation worsens due to increase in parasitic Cgs and Cgy of the transistors. The default value of the feed-
back resistor was not changed from pre-layout default value of 4K ohms because the S11 was still low enough
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< —15dB and their are enough controls to trim the S11 if it degrades. The gain is also expected to increase
at 4K due to increase in the output impedance of the transistors. Hence the input impedance is selected a
bit higher so that their is a possibility that matching can be achieved without digital trimming. The reverse
isolation and buffer impedance are still low enough which is required for good stability and output match.
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Figure 4.26: Model of the gate inductor including the parasitics
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Figure 4.27: Room temperature post and pre layout noise figure simulations

Figure 4.27 shows both pre and post layout noise figure simulation results. The simulations results are
at room temperature or 27°C. The gate inductance used in the simulations is a 6.6nH SMD coil-craft induc-
tor. The package parasitics of the gate inductor are taken from coil craft website. The major contributor
of the noise is the dc series resistance (R2) and the frequency dependent resistance which models the skin
effect (Ry4r). The low frequency(100M-500M) noise figure at room temperature is close to 0.28dB or 20K.
About 10-11K contribution comes from transistors. The effective input referred noise contributed by feed-
back resistance(Rs/ A,) is close to 1 ohm or 6K (300/50K). The rest comes majorly from gate inductance and
some from bias resistance. As frequency increases the noise contribution of transistors and feedback resistor
increases due to the input pole. The skin effect also increases the effective series resistance of the inductance
and thus increasing noise figure at high frequencies. The pre-layout noise temperature at 1GHz is 25K or
0.35dB. The low-frequency post layout noise figure is close to 0.3 dB which is 26K. The 1K increase in noise
temperature is primarily due to gate resistance. In the layout, both the drain and source connections of all the
fingers of both the PMOS and NMOS transistors in the first stage is made in metal 7 to decrease the voltage
drop. This is because at room temperature first stage is expected to carry about 55mA of current. Metal 7 is
the topmost thick metal layer in the tsmc-40nm process and has least resistance. Hence due to routing con-
straints, the gate connections to the gate of main transconductors of PMOS and NMOS transistors are made
in metal thick which has lower thickness compared to metal 7 and hence has higher trace resistance. 1K in-
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crease in the noise temperature is primarily due to 0.16 ohm of effective gate resistance that is added post
layout. At 1GHz post layout noise figure is 0.42dB or 28.5K which 3.5K higher than in pre-layout simulations.
This can be accounted by the increase in the parasitic capacitance at the input by approximately 300f. This is
close to 10% increase from prelayout case.
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Figure 4.28: Figure showing process spread in noise performance of the LNA for constant transconductance(gm)
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Figure 4.29: Simulations showing reduction of Noise-Figure at low temperature

Figure 4.28 shows the pre-layout corner simulations. The simulations are done keeping the transconduc-
tances of all the transistors constant by trimming the constant gm bias circuit. In other words, the gm of the
first stage, balun and the gain stages are trimmed to their reach typical values across the process. The Noise
figure can be seen relatively constant for constant transconductance except at the fast-fast corner where the
noise temperature increases by 1-2 K. Figure 4.29 shows the reduction in noise as one goes from 300K to 173K.

4.7. Post layout simulation summary

The following table shows post layout simulation summary showing different performance parameters at
room temperature.
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Noise Temperature (200MHz) 20K
Noise Temperature (1GHz) 29K
S$11(dB)(100MHz-1GHz) <-15dB
S22(dB)(100MHz-1GHz) <-20dB
S21(100MHz-200MHz) -52dB
S21(3dB) 1.1GHz
S12(100MHz-1GHz) <-80dB
Power Consumption(1st stage) 60mwW
Power Consumption(Balun) 7mW
Power Consumption(Core LNA) | 67mW

4.8. Expected cryogenic performance
Out of 20K noise temperature of the LNA at 200MHz about 10K comes from the transistors 3.8. Again assum-
ing constant gm works at 4K and mobility increases by a factor of 2 thus using the equation

gm=1/2p1 (4.35)

One can see that the current needs to decrease by a factor approximately 2 to keep constant gm. Hence the
power consumption of the LNA is expected to be close to 34-35mW. The shot noise component is expected
to be half hence the noise temperature at 200MHz is expected to be close to 5K. At 1GHz since the simulated
noise transistor contribution is 12K the 4K noise is expected to be close to 6K. The gain is relatively unknown
but is expected to increase due to the increase in output impedance.



Measurements

5.1. Measurement Setup
Figure 5.1 and 5.2 shows the micrograph of the chip in TSMC 40nm CMOS and the area of the core LNA.

Imm

1.1mm

Figure 5.1: Micrograph of the Chip.

Figure 5.3 shows the top level measurement setup. The benchtop power supplies are very noisy switching
supplies. In order to mitigate the noise coming from supplies, LDO boards made of ultra-low noise LDO’s are
desined and fabricated. The noise power spectral density achieved by these low noise LDO’s is of the order
of 1nV/V/Hz at frequencies beyond 10MHz. As can be seen in the top-level design of the a LNA in the figure
4.8 any supply noise could appear at output through PMOS M3. Hence, care has to be taken that supply

47
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Figure 5.2: Figure showing the LNA core with it’s area

noise is as low as possible. Some other measures are also taken in the PCB design to suppress the supply
noise which will be discussed later in this chapter. The low noise LDO’s which are used for board design
are fixed LDO’s LP5912 and programmable LDO’s TPS7A9001DSKR by Texas Instruments. As can be seen in
the figure 5.3 VNA (Vector network analyzer) is used for S parameter measurements. Rhode and Schwartz
spectrum analyzer having a resolution of -167dbm/Hz is used to measure power spectral density needed for
noise figure measurements. The SPI for digital control is controlled using the Nexys 4 DDR Artix-7 FPGA
development board.
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Figure 5.3: Schematic of the measurement setup used for room temperature measurements.
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Figure 5.4: Bonding diagram of the chip on the PCB. The ground plane on the first layer is cut to reduce coupling between the first stage
and succeeding stages.

5.2. PCB design

The PCB is made using FR-4 dielectric four layer board with a 150um pitch which was fabricated by eurocir-
cuits. In the first layer signal routing is done and the components are placed. Most of the signal and power
routing is done using this layer. All the SMD (Surface mount) components which include connectors, ca-
pacitors, and the gate inductor are placed using this layer. The second layer is the ground plane. The third
layer is used as a power plane for power routing. The final layer is the ground layer acting as an interference
shield from the bottom side. The four-layer board not only simplifies routing but also the distance between
the ground plane and the first layer is much less in a four-layer board. This not only leads to more coupling
between the ground and the signal but also reduces the trace width of the line such the SMA to line termina-
tion is gradual. As discussed in the previous section since the first stage design is a single-ended amplifier, it
undergoes degeneration. Hence care has to be taken to minimize bond wire inductance. The small ground
plane on which chip is placed is split into two. The first acts as the ground for the first stage and second acts
as the ground for all succeeding stages, bias circuits and digital circuits. This is primarily done to reduce in-
terstage coupling since this ground plane is not ideal due to due to multiple holes due to vias and the chip
placed on top of ground plane. The vias of this split plane are connected to the ideal ground plane in the
second layer. Cuts in the first layer ground plane are also added to reduce the supply inductance of the first
stage. This can be seen in the bonding diagram. 50Q2 SMP connectors is used at the input and output for
S parameters and noise measurements. The chip is mounted on the ground plane using the chip on board
method to reduce bond wire inductance to the ground as seen in figure 5.4. 50020 CBCPW(Conductor backed
Coplanar waveguide) lines are added both at input and output. The coupling between the signal and ground
is more in CBCPW as compared to microstrip [57]. Also, the CBCPW has lesser loss as compared to microstrip
as a larger portion of the fields also travels through the air rather than the lossy dielectric. The first stage is
susceptible to power supply noise. The ferrite beads having greater than 70Q2 impedance from 100MHz to
1GHz are used in supply path to mitigate this. DC impedance of the ferrite beads is approximately 0.02Q
which ensures low resistive drop. Figure 5.5 shows how the ferrite beads can help in power supply noise sup-
pression. Decoupling capacitors of varying self-resonance frequencies are used to provide low impedance
paths to the current loops. Capacitors of the type CGO/NP0 and tantalum are used since they are proven to
be working at 4K temperature [56]. Also, an RF interference shield is added on the PCB to suppress RF inter-
ference. Figure 5.6 shows the complete PCB. Room temperature measurements are made using a breakout
board.
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Figure 5.5: Ferrite beads connected after the LDO to filter power supply noise.
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Figure 5.6: Complete LNA PCB board.

5.3. Measurements setup at room temperature

The most commonly used methods for measuring noise figure in the low noise amplifiers are Y factor method
and the cold noise method[38, 58-60]. The measurement of S»; is made before the measurement of the
output noise in the cold noise method. The output noise is given by

Proise = K(To + TN)|S21|2 (5.1)

Here T, and Ty are noise temperature of the resistor and the LNA respectively. In the cold noise measurement
first the output noise power spectral density is measured and then the |S,;| is measured using the spectrum
analyzer. Accurate measurements of Sp; needs large amount of calibration and also depends on the input
power level and thus inaccurate. Hence Y factor measurement method is used. This involves measuring
noise spectral density at two different input noise levels called as hot and cold points. For room temperature
measurements low ENR(excess noise ratio) noise source is used. The ratio of the output power spectral den-
sity at the hot and cold point is called the Y factor. The ENR of the noise source varies from 5.46 at 100MHz to
5.29 at 1GHz. The impedance change from hot to cold point can be significant in high the ENR noise source.
Hence it is not used or taking the measurements. The hot point noise of the noise source is given by
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Ty =290 x (10ENR/10) 4 T (5.2)
Here Ty is the measured ambient temperature. The cold point noise of the noise source is given by
Tc=To (5.3)

Here T is the ambient temperature at which noise source is kept. A small SMA cable with loss factor L¢gpze (L<1)
is used to connect the noise source and the LNA. The noise of the cable is given by the expression [58].

Teable = To(1 =107 carte@B)10) (5.4)

Lcapie is related to it’s dB value by the following expression
Leaple = 107 canie@10) (5.5)
The effective hot point Tygrr and cold point T¢grr noise at the input of the LNA is given by the expression

Therf = TuLcabie + Tcabie (5.6)

Tcerf = TcLcabie + Tcabie (5.7)

The Y factor is given as the ratio of power spectral density at hot and cold points and is independent of the
gain. It is given by the following expression

T +T,
Y = M (5.8)
Tcerr+1In
The noise temperature of the LNA can be related to the Y factor as given in [58] as
(Ty-YT¢)
In= Lcableﬂ —Tcabie (5.9)

Instead of the VNA, the Y factor method can be used to calculate the gain. The gain or Sy; of the LNA
can be calculated after the measurement of noise temperature 7). This is the actual gain seen by the signals
of small amplitude. The input to the LNA cannot be less than -60dBm if the VNA is used. Since the circuit
is designed to detect much lower signals it is better to predict the gain using the Y factor method otherwise
lower gain will be measured due to gain compression.

Peota = KTcerf1S211” (5.10)
The effective gain of the LNA is given by subtracting |S; | by the loss of output cable.

5.4. Room Temperature Measurements

The figure 5.7 shows the S1; of the LNA with the default trimming. The low frequency S;; of the LNA is poor
and close to -9dB. The S;; improves by decreasing the feedback resistor indicating that input impedance in
much higher than 50Q. It can be easily seen that 100Q2 input impedance gives the S;; close to -9dB.

To improve the S1; of the LNA, the gain of the first and the second stage each is increased by approximately
1.25 times with respect to default gain from default trimming. As can be seen from the figure 4.9 segmented
resistor DAC is used as the load resistor for the first stage. The same is used for second stage balun. By default
the load resistor of R and 4R are connected in parallel equivalent to equivalent load resistance of 0.8R. Now, 4R
resistor is switched off giving equivalent load resistance of R. Hence the gain of both the first and the second
stage is increased by 1.25 times. The feedback resistor 3KQ is selected instead of the 4KQ resistor. The input
impedance now should be close to (0.75 x 100)/(1.25 x 1.25) or 48Q. The 0.75 factor comes from decreasing
the feedback resistor from 4KQ to 3KQ2 and division factor 1.25 x 1.25 comes from increasing the gain of the
first stage and balun by trimming the load resistor. The whole point is to get almost the same gain as in the
case of the simulations. 48 ohms corresponds to Sj; of -34dB at low frequencies. The figure 5.8 shows the
S11 of the LNA after trimming. The figure 5.9 shows the measured S», of the output buffer used for the noise
measurements. The measured Sy, is less than -15dB in the band of interest that is 100MHz to 1GHz.

Figure 5.10 shows the observed noise temperature of the DUT. The minimum noise temperature that
the LNA reaches is close to 27K at 200MHz and increases to 47K at 1GHz. The major uncertainty in the
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Figure 5.7: Figure shows poor untrimmed S11 of the LNA. This is due to lesser gain of the core LNA than in the simulations.
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Figure 5.8: S11 of the LNA after increasing the gain of the core LNA and decreasing the feedback resistor.
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Figure 5.9: Measured S22 of the output buffer used for the noise measurements.
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Noise temperature vs frequency
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Figure 5.10: Measured LNA noise temperature.
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Figure 5.11: The figure shows how the uncertainty in the ENR results in the noise temperature uncertainty.

measurement arises from +0.1d B uncertainty in the ENR which can result in an approximate error of +7K
in the noise temperature as shown in figure 5.11. Figure 5.12 and 5.13 shows the comparison between the
simulated and measured gain and noise temperature using the Y factor method. The Sy; in the figure 5.2
is 0.7-0.8dB less than in simulations which primarily is due to the reduction of LNA gain. The simulations
are compared at different setting than in simulations. The point of doing this is to compare when the gain
is almost the same as that in simulations. The S»; contribution of the core LNA at lower frequencies can be
calculated by the formula 2Rr/(Rs + R;;). In the simulations the feedback resistor used was 4K and the low-
frequency input impedance(100MHz) was close to 70 ohms giving S,; contribution of 36.5dB. While here the
feedback resistor is close to 3K with the input impedance of 48 giving S»; contribution as 35.4dB. This is just
an rough estimate and can be compared to the simulations in the figure 5.17. This approximately explains the
decrease in Sy;. The approximate 3dB bandwidth of the noise chain is close to 1GHz. The noise temperature
is higher than that simulations. The most probable reasons could appear to be PCB loss. PCB loss of just 0.1-
0.2 dB can add up to 10K of thermal noise. Figure 5.17 shows the directly buffered gain of the LNA measured
using VNA. The bandwidth of the core LNA is higher than the bandwidth measured by the noise chain since
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it also takes into account post-amplification amplifiers. Now 2dB bandwidth is close to 1GHz. Figure 5.15
shows noise temperature measurement results using 3dB attenuator at the input. This method is usually
employed to see the impact of poor input match [58]. Poor input match can cause noise waves to be reflected
back from the DUT. These noise waves can be again reflected from the source especially at hot point when the
source impedance changes. The multiple reflections can lead to error in the noise measurement especially
at higher frequencies where matching is not good. The measurement measures minimum noise temperature
of 28K at 200MHz which reaches to about 50K at 1GHz. This is close to the one observed without attenuator.
In all the measurements above gate inductor is 3.4 nH. It was assumed that bond wire will add about 2nH
gate inductance and 500 pH will be added by the coupling capacitor. 500pH was calculated based on self the
resonance frequency of the capacitor. Figure 5.16 shows the impact of gate inductor on noise temperature of
the DUT. 6.6 nH gate inductor shows lower minimum noise temperature at 200MHz close to 20K. However,
at high frequencies the performance is almost same as 3.4 nH gate inductor. 6.6 nH inductor adds more
series and skin resistance but also reduces noise contribution of the transistors at high frequency. Two effects
taken simultaneously could be resulting in a negligible change in the noise temperature of the DUT when the
inductor value is changed. The power consumption of the core LNA was measured to be 60mW. Out of this
54mW is the power consumption of the first stage and approximately 6mW is the power consumption of the
balun.
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Figure 5.12: Plot showing the total measured Sp; of the complete chain for noise measurements against the simulated.

5.5. Noise figure measurements at cryogenic temperatures

Cryogenic noise measurements involve dipping the sample in the liquid helium. Figure 5.17 shows how the
setup works. For cryogenic noise temperature measurements, a 20dB attenuator is used at the input to pro-
vide hot and cold point noise at the input of the LNA. The measurement involves using long cables hence
to do accurate measurements one need to calibrate the loss of the cables. Following procedure was used to
derive the noise temperature of the LNA. First, the loss of both the input and the output cable which is used
to connect the input and output of the LNA is calibrated. The input and output cables are shorted at the
sample holder level. Then a factor of half is taken to predict the input or output cable losses. Before taking
the measurements at the room temperature, the losses were measured individually at the room temperature
to ascertain that the losses of input and the output cables are approximately equal. The second step involves
measuring total loss after connecting the cryogenic attenuator. The loss of the attenuator and the input cable
is then derived using these two data points. ENR uncertainty does not result in any significant measurement
error as the noise of the noise source is attenuated at the LNA input. The hot point noise at the input of the
LNA is given by

Trerr = TuLattenLcabte + TcabieLatten + T (5.11)
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Figure 5.13: Plot showing the comparison of the simulated and the measured noise temperature of the LNA.
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Figure 5.14: Measured gain or S»; of the LNA using the output buffer for gain measurements.

Here Ty is the hot point noise temperature of the noise source. Tp is the base temperature of the DUT
where the attenuator is placed. Lg;sen and Logp;e is the attenuation of the attenuator and the loss of the cable
respectively. Tcapie is the thermal noise of the lossy cable which is given by the equation 5.4. The cold point
noise temperature is given by

TCeff =TcLattenLcabie + TcableLatten + Tn (5.12)

Here T¢ is the cold point noise temperature of the noise source. The noise temperature of the cable is selected
midway between the base temperature of the source and room temperature to 150K. Since the noise of the
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Figure 5.15: Noise temperature measurement using the 3dB attenuator at the input to see the impact of multiple reflections of the noise
waves.
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Figure 5.16: Impact of the gate inductor on the noise figure measurements.

cable is attenuated its contribution is minimal hence this approximation only leads to minimal uncertainty.

5.6. Cryogenic noise measurements

The measurement of DUT noise temperature first proceeds with the measurement of the losses of the cables
and the measurement of the attenuator loss. Figure 5.18 A shows the measured combined attenuation of the
input and output cable with frequency. Figure 5.18 B shows the combined attenuation of cables as well as the
20dB attenuator. This data was used to derive the attenuation of the input/output cable and the attenuator.
Then hot and cold point noise at the input of the LNA was calculated using equation 5.11 and 5.12.

Figure 5.18 shows the initial Y factor measurements that are taken at 5K. The noise temperature goes as
low as 4K at 400MHz and increases to about 6K at 1GHz. The value of low-frequency input impedance which
is RF/ A, does not affect output SNR. However, the parasitic pole effects both SNR and matching as frequency
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Figure 5.17: The figure shows how the LNA sample was dipped into liquid helium for the performance measurements at different base
temperatures.

i o
-1 -21
-2 -22
:_‘ 4 Figure A :‘ B Figure B
N e
ol "3 5l 23—
m - o i
=
-4 24-
-5 -25
. N L B B B S ——
00 01 02 03 04 05 06 07 08 09 10 0o 01 02 03 04 05 06 07 08 059 10
freq, GHZ freq, GHzZ

Figure 5.18: Characterization of the loss of the cable and the attenuator at 4K base temperature. Figure A shows the combined loss of
both the input and output cable while figure B shows the total loss of the cables combined with the 20dB attenuator.

goes up. The impact of low-frequency input impedance on the output SNR can be seen from the below two
equations.

id
idnload = T emR Re (5.13)
1 4 8MALAS

Rp

. gmx*Vin
ISignal = lgTLRS
+5RE

(5.14)

Here idnjoqq and isjgna is the signal and noise current transfer to the output load. From this equation
one can see that signal to noise ratio in the designed topology is unaffected by low-frequency impedance
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Figure 5.19: Figure shows the variation noise temperature of the DUT at 5K

match which depends on the gain of the amplifier and the feedback resistance. Hence, before the mea-
surement of S parameters, noise measurements were done. Both the cryogenic noise measurements and
S parameter measurements have to be taken again as the chip was damaged after the measurement.
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Figure 5.20: Measured Sp; or gain of the DUT at 5K

Figure 5.20 shows the measured S,; of the chain used for noise measurements. The gain at 4K increased
from room temperature measurement by greater than 6dB. Assuming that the transconductance is approx-
imately the same as that at room temperature due to constant gm circuit, the most probable reasons seem
to increase in the output impedance of the transistors and decrease of parasitic capacitances. Due to the in-
crease in mobility at cryogenic temperatures the resulting overdrive voltages for keeping constant gm will
be less hence resulting in more margins and higher output impedance. Also, parasitic capacitances can
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Figure 5.21: Measured noise temperature of the LNA

cause signal attenuation especially when the signal is ac coupled. Fewer parasitics mean lesser attenua-
tion. For cryogenic measurements, SPI was not used to trim input impedance. Since at room temperature
the impedance of the untrimmed sample is 100 ohms, the input impedance after the increase in the gain was
expected to decrease. The sample measured uses an input inductance of 3.4 nH at the gate. The power con-
sumption of the core LNA is about 60 percent the power consumed at room temperature i.e about 37mW. The
increase in mobility enables such reduction in the current for constant gm. Figure 5.21 shows the Y factor
noise measurements taken at the different temperatures. For all the cryogenic measurements i.e at 100K,
60K and 5K, the 20dB attenuator is used at the input to provide hot and cold point noise. Using attenuator
also subdues the problem of multiple reflections if the matching is poor at the lower temperatures and en-
ables accurate noise temperature measurements. For 100K and 60K measurement 15dB, ENR noise source
is used since 5.46 dB ENR source is not enough to make accurate noise measurements. This is because hot
and cold points are very close to each other if low ENR noise source is used. The decrease is steeper from
293K to 60K. This is because most of the noise at room temperature had thermal origins. At 60K transistor
shot noise dominates the thermal noise from other sources. For a factor 12 change in temperature from 60K
to 5K the noise level decreases only by a factor of 2. The transistor drain noise contribution as was simulated
in schematic simulations was close to 10K as can be seen in the figure 4.5. The initial noise measurements
show that the noise temperature at 5K is close to half the value of the drain noise in simulations. This is close
to our prediction based on the shot noise assumption keeping transconductance constant. However, as was
done in the room temperature measurements the results at cryogenic temperature needs to be validated with
multiple times.
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5. Measurements

5.7. Summary of Performance at Room Temperature

Noise Temperature (200MHz)
Noise Temperature (1GHz)
S11(dB)(100MHz-800MHz)

S22 (dB)(100MHz-1GHz)
S»1(100MHz-200MHz) [Noise Measurement Chain]
S»1(3dB)

S»1 (100MHz-200MHz) [Gain Measurement chain]
S>1(2dB)

Power Consumption(1st stage)

Power Consumption(Balun)

Power Consumption(Core LNA)

27K
45K
<-10dB
<-15dB
-51.5dB
1GHz
-35.5dB
1GHz
54mW
6mW
60mW

5.8. Summary of Performance at Cryogenic Temperature

Noise Temperature (400MHz)

Noise Temperature (1GHz)
S»1(100MHz-200MHz) [Noise Measurement Chain]
S»1(2dB)

Power Consumption(Core LNA)

4K
6K
59dB
1GHz
37mW




Conclusion and future improvements

6.1. Conclusion

In this thesis, the Resistive-Feedback LNA for the RF readout of spin-qubit was designed and taped out in
40nm CMOS. The main objective of the thesis was to assess the cryogenic noise performance of the CMOS
LNA’s and whether it can meet the stringent noise requirement needed to readout spin-qubits. The LNA at the
room temperature achieved the noise temperature varying between 27-45K in the band of 100MHz to 1GHz
with the core LNA power consumption of 67mW. The S11 was measured to be less than -10dB till 800MHz.
The gain of the core LNA was measured to be greater than 42dB. The noise measurement results at room
temperature are 30-50 percent off from the simulations. The most probable reasons for such a discrepancy at
room temperature could be ENR uncertainty or the PCB losses which were not de-embedded from the DUT.
Some initial Y factor measurements at 5K were taken to estimate noise temperature of the DUT at the cryo-
genic environment. Initial measurement results look promising with the LNA achieving sub 6K performance
from 150MHz-1GHz bandwidth with minimum noise temperature reaching 4K at 400MHz with power con-
sumption of only 37mW. The results are also close to the prediction made assuming channel drain noise as
shot noise. These results are the lowest reported noise temperatures achieved by any CMOS LNA at cryo-
genic temperature with noise performance close to Si-Ge LNA. However, as the chips were damaged during
the measurements S parameter measurement were not taken.

The following table summarizes the results till taken at cryogenic temperatures.

Noise Temperature (400MHz) 4K
Noise Temperature (1GHz) 6K
S»1(100MHz-200MHz) [Noise Measurement Chain] | 59dB
S21(2dB)Noise Measurement Chain 1GHz
Power Consumption(Core LNA) 37mW

The following table shows the state of the art in CMOS and Si-Ge both at room and cryogenic tempera-
tures.

Publication Physical temperature Noise Temperature Bandwidth Technology  Power
IMTT [50] 16 2.8K 0.3-3GHz SiGe 32mwW
IMTT [51] 16 3.4-4K 2-4GHz SiGe 3mW
IMTT [52] 18 5-8K 4-8GHz SiGe 760uW
IMTT [53] 15 3.7-4.3 0.1-5GHz SiGe 20mW

IEEE RWS [36] 290 < 25K (50 ohm match) 700MHz-1.4GHz CMOS 45mW
JSSC [51] 290 < 14K(non 50 ohm match) 700MHz-1.4GHz CMOS 45mW
JSSC [54] 270 4K-10K 2GHz-8GHz HEMT 1w
JSSC [17] 4K 7K(Spot noise) Unknown CMOS 55mW

As can be seen from the table that the preliminary noise temperature values of the designed CMOS LNA

are close to the Si-Ge ones. However at the cost of power dissipation and bandwidth. This is primarily be-
cause of the high transconductance or gm of the SiGe amplifiers. However, silicon germanium is way more
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6. Conclusion and future improvements

expensive process than CMOS and in the envisioned quantum processor billions of transistors will be needed
for the purpose of error correction hence CMOS is the only process which allows such a complex integration.

6.2. Future Work

VDD2
vDD1

RL

RF-CHOKEJ’FERRITE-BEADE Vbias —| ME

Vbias2 —| I:MBT
4 t

Vin

GND

Figure 6.1: Modified first stage of Resistive-Feedback LNA showing how one can reduce power further by using NMOS only transistors

° S parameter measurements which includes measuring the matching or S11, gain of the core LNA or S21

needs to be taken at cryogenic temperatures.

PCB line loss even though it is small should be dembedded for room temperature measurements using
test structures. This is because even 0.1d B can lead to measurement error of 7K.

Figure 3.11 shows the modified Resistive-Feedback LNA with passive amplification. Due to the limited
scaling of drain noise of the transistor and direct scaling of the noise of passives some passive ampli-
fication using auto-transformer can be used. However, for the broadband noise performance input
matching network needs to be evaluated. This is because as one goes away from the center frequency
of the match, the signal and the noise transfer at the output degrades rapidly. However, the readout
frequency then needs to be pushed higher. The matching networks used for matching QPC and SET’s
are then needed to be then evaluated at those frequencies.

* Another possibility which can reduce the noise requirement of the LNA is to design the LNA for higher

impedance like 100 ohms. The input signal to the LNA as given by equation 2.1 and 2.4 and is inversely
dependent on the quality factor of the matching network. The signal to the LNA will be higher by a
factor v/2 times and thus decreasing the noise requirement for the readout chain by a factor of two.

The core LNA power can be pushed further down by pushing reducing the supply of the LNA 6.1. The
ferrite beads used for power supply noise rejection can be used as an RF choke. Now the supply can be
lowered to the limit that the cascode transistors are in saturation.
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