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Abstract—This paper introduces a system-level approach
to develop the first-ever fully discrete-time (DT) superhetero-
dyne receiver (RX) for Internet-of-Things applications, such as
Bluetooth low energy (BLE). It exploits fast switching speed and
low internal capacitances of deep-nanoscale CMOS devices to
realize a high intermediate-frequency (IF) architecture based
on switched-capacitor-based charge-domain bandpass filtering.
Power consumption is minimized by aggressively reducing the
size of MOS devices and judiciously applying a sampling-
rate decimation. The resultant increase in the flicker noise is
mitigated by placing the IF frequency beyond the flicker corner
frequency. Likewise, the decimation-induced aliasing is mitigated
by DT filtering of preceding stages. The BLE RX is fully
standard-compliant and achieves a record-low-power consump-
tion of 2.75 mW (including its local oscillator) while delivering
the state-of-the-art performance: 6.5-dB noise figure and —19-
dBm third-order input intercept point, with a direct antenna
connection and thus without the typical external bandpass filters.

Index Terms— Bandpass filter (BPF), Bluetooth
low energy (BLE), charge sharing (CS), discrete-time
receiver (DT-RX), Internet of Things (IoT), superheterodyne,
switched capacitor (SC), ultra-low-power (ULP).

I. INTRODUCTION

ISCRETE-TIME receiver (DT-RX) architectures have
been adopted in commercial Bluetooth [1] and 2G cellu-
lar [2] radios and are the main alternative for software-defined
radio applications, mainly thanks to their versatility [3].
Easy implementation of programmable capacitors in the
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switched-capacitor (SC) structures, together with an accurate
programming of their sampling rates, adds architectural
flexibility, while also making it more digitally intensive and
reducing sensitivity to process, voltage, and temperature
variations [4].

Recent DT-RX advancements in SC-based charge-
sharing (CS) complex-domain bandpass filtering have pushed
their intermediate-frequency (IF) operation into tens or even
hundreds of megahertz range (thus making it superheterodyne)
in order to remove all issues associated with flicker noise,
time-variant dc offsets, and the second-order nonlinearity [5],
[6], and have culminated in a commercial 4G cellular RX [7]
featuring record-low-power consumption while maintaining
the state-of-the-art performance.

Bluetooth low energy (BLE) [8] is currently the most pop-
ular radio standard for Internet-of-Things (IoT) applications.
IoT nodes are mainly battery operated but increasingly use
energy harvesting to sustain their long-term operation. This
places heavy emphasis on ultra-low-power (ULP) aspects of
IoT Rx, which is considered the most energy-hungry sub-
system. Unfortunately, those versatile high-performance RXs
developed for the cellular market suffer from relatively high-
power dissipation, which naturally prevents their use in the
emerging [oT applications that take the ULP dissipation and
relatively low performance as their starting point.

In this paper, we introduce a system-level approach to
develop such an ULP discrete-time (DT) high-IF superhetero-
dyne RX architecture. It is realized in a deep-nanoscale CMOS
technology as amenable to such ULP implementations while
maintaining among the best-in-class performance and high
level of system integration. To the best of our knowledge,
this is the first superheterodyne DT-RX targeting this new
emerging market [9]. Besides gain, linearity, noise figure (NF),
and analog-to-digital converter (ADC) dynamic range (DR),
which are typical figures-of-merit for RX front-ends, the
design of a multirate DT-RX for BLE includes additional
important requirements related to aliasing due to the successive
clock decimations.

This paper is organized as follows. Section II presents a
brief review of the state of the art in BLE RX. Section III
discusses specifications for a competitive RX. Section IV
introduces the RX architecture, tradeoffs, sampling rates and
transfer functions (TFs) with antialiasing filtering to mitigate

0018-9480 © 2017 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
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TABLE I
SUMMARY OF BLE RX REQUIREMENTS

Requirement

Sensitivity -70 dBm
Maximum input signal -10 dBm
Out-of-band blocking requirements

30 MHz-2000 MHz -30 dBm
2003-2399 MHz -35 dBm
2484-2997 MHz -35 dBm
3000 MHz-12.75 GHz -30 dBm
In band interferer requirements

Co-Channel interference, C'/Ico—channel 21 dB
Adjacent (1 MHz) interference, C'/I1 rrpr» 15 dB
Adjacent (2 MHz) interference, C'/I2 rrpr- -17 dB
Adjacent (> 3 M H z) interference, C/I>3 prp» -27 dB
Image frequency Interference, C'/I Image_ -9 dB
Adjacent (1 MHz) interference to in-band 15 dB

image frequency
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Fig. 1. State of the art in BLE RXs.

the decimation, and details to achieve the BLE requirements.
Sections IV-C and V show circuit implementation and mea-
surement results. Finally, Section VI offers conclusions and
summary.

II. STATE OF THE ART IN BLUETOOTH
LOW-ENERGY RECEIVERS

BLE is an extension of the Bluetooth standard fine-tuned
for energy-efficient operation of IoT devices. Its main RX
requirements are listed in Table I [8]. Compared with the
main Bluetooth standard, linearity is relaxed and a wider
(i.e., 2x) channel separation (2 MHz) is defined. For out-
of-band (OOB) and in-band linearity tests, the input signal
should be 3 dB above the sensitivity level, while the interferers
should respect the mask listed in Table I. Typically, BLE
demodulators are implemented with at least 15 dB of signal-
to-noise ratio (SNR), which results in a budget NF of 29 dB
for the complete RX when the basic —70-dBm sensitivity is

targeted.
Recently reported BLE RXs easily surpass the main
requirements of Table I, reaching sensitivity levels

of —80 dBm and well below, as shown in Fig. 1. These
works can be classified into two groups: high-performance
RXs [10]-[13], and low-power  low-performance
RXs [14], [15]. Architecturally, they are classified as:
low-IF or direct conversion [12], [14], [15], and sliding-IF
[10], [11], [13]. So far, they are all analog-intensive and
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operate in the continuous-time domain. Fig. 1 recognizes
(with square markers) highly integrated solutions that
manage to avoid external RF components, thus making it
more attractive from the cost and board area standpoint.
However, they are still either of low performance [14] or high
power [12], [13].

We have recently introduced [9], [16] the first-ever DT
BLE RX that features record-low-power consumption while
maintaining high RF performance. The RX is fully inte-
grated at the BLE transceiver level and requires no external
RF components, thus allowing for a direct antenna connection.
The new transceiver comprises an all-digital phase-locked
loop (ADPLL) that further enables operation in open loop to
reduce power consumption during reception/transmission. The
ULP circuit design strategies adopted in the RX, the internal
soft switch, which connects RX and transmitter (TX) to the
same antenna, as well as the ADPLL are explained in detail
in [16].

The RX system-level design focusing on its OOB linearity
aspects and its clock decimation strategies are revealed in
detail in Sections III and IV.

III. SYSTEM-LEVEL SPECIFICATIONS

We shall start by identifying system-level specification
figures that attain the most up-to-date state-of-the-art
BLE performance. From the BLE references identified
earlier [10]-[13], we define a sensitivity of —93 dBm, and
the third-order input intercept point (IIP3) of —19 dBm.
To achieve a competitive power consumption for such
high-performance RXs, we aim at 2 mW, without the local
oscillator (LO), which shall consume <1 mW.

NF is calculated as NF = § — KT B — SNRyy, all in dB
scale, where S is the target sensitivity, KT B is the noise floor
for the B = 1-MHz BLE channel (= —114 dBm), and SNR¢
is the required SNR of the detector. Consequently, 6 dB of NF
is required for a sensitivity of —93 dBm and SNR;; of 15 dB.

With a maximum input of —10 dBm and a sensitivity of
—93 dBm, a DR of 83 dB is required. To save power in the
ADC design, an automatic gain control (AGC) is implemented
and a 9-b, 20-MS/s successive approximation register (SAR)
ADC is selected. The ADC with 55 dB of DR can absorb part
of the RX’s DR while the AGC complements the RX total
gain. Considering a maximum signal level of 4 dBm (including
a margin of 2 dB) at the chosen ADC input, a minimum
gain of 12 dB is required for the input signal of —10 dBm.
Quantization noise of —51 dBm (= 4 dBm — 55 dB) with an
SNR of 15 dB and a margin of 6 dB establishes the required
maximum gain of 63 dB (= —51 dBm + 15 dB + 6 dB —
sensitivity).

In-band interferers presented in Table I need to be attenuated
as not to saturate the ADC input, as well as to avoid aliasing.
Additional filtering can easily be added in the digital domain
later down the stream. An analog implementation of the
baseband (BB) (or IF) filter to completely remove the inter-
ferers would require a sixth-order filter solution, demanding
high power and complexity for IoT applications, as observed
in [4]. Assuming only the ADC saturation requirement and
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Fig. 2. Architecture of the proposed DT BLE RX.

the in-band linearity case with —70 dBm + 3 dB sensitivity,
46 dB of AGC gain will require an attenuation of 4 dB
(= —67 dBm+46 dB+27 dB—2 dBm) of adjacent interferers
(= 3 MHz), which is reasonably less challenging. Aliasing
requirements for ADC are much tougher, though. An attenu-
ation of interferers at fs; apc + fir and — fs aApc — fir needs
to be considered for an IF digitization. At these frequencies,
the BLE standard (Table I) specifies an attenuation of 48 dB
[= 21 dB — (—27 dB)] from the cochannel and adjacent-
channel requirements.

IF selection in a superheterodyne RX plays an important
role in two main aspects: 1) conventional zero-IF/low-IF
related issues that are getting worse in nanoscale CMOS and
2) ADC sampling-rate selection. The first aspect suggests
increasing the IF frequency in order to escape from time-
variant dc offsets, 1/f (i.e., flicker) noise, in-band LO leakage,
and the second-order nonlinearity [7], [17]. On the other hand,
increasing the ADC sampling rate increases its power con-
sumption, but the recent advances in SAR-ADC architectures
and circuit techniques make its power consumption of tens
of hundreds of #W a small fraction of the RX’s power. Size
of passive components is another aspect to be considered in
the increase of IF frequency, since it reduces capacitor and
resistor area in the implementation of blocking capacitors,
biasing resistors, and passive filters. Unfortunately, the quality
factor (Q) of the bandpass DT filters adopted here is almost
constant, and so the selectivity of the filter decreases at
higher IF frequencies, which goes against the ADC sampling-
rate increase. With all these aspects considered, 5 MHz was
tentatively selected to keep a safe separation from flicker-noise
corner, allowing for the adoption of a 9-b, 20-MS/s dual SAR
ADC, with an estimated power consumption of 250 ¢'W. The
IF frequency is reviewed in Section IV-B once the complete
architecture is detailed.

IV. DISCRETE-TIME RECEIVER ARCHITECTURE

The high-IF superheterodyne RX is composed of two DT
RX sections that operate at vastly different sampling rates,
as shown in Fig. 2: the full-rate sampling section, with the
sampling rate of f; = 4 fLo, where fio is the LO frequency

in the vicinity of the desired RF signal, and the decimated-
sampling section that operates at a reduced clock of fi /4 for
substantial power savings.

Typically, the early (i.e., front-end) section of an RX chain
functions to provide adequate antenna impedance matching
with high gain and low NF. In our design, due to the avoidance
of the off-chip band-select filter and the fully DT nature of the
signal path, the full-rate sampling section must additionally
provide the OOB filtering; otherwise, residual energy of the
far-out interferers/blockers would potentially alias to the fre-
quencies of interest at the decimation stage. Consequently, the
full-rate front-end section must provide an effective filtering
as an antialiasing protection to the following decimated-rate
section.

The decimated-sampling section is responsible for the
gain and in-band filtering, consequently, protecting the ADC
from saturation in the presence of adjacent interferers listed
in Table L.

A. Full-Rate Sampling Section

The front-end RX section is presented in detail in Fig. 3.
It is composed of a narrowband low-noise transconductance
amplifier (LNTA), followed by a 25% duty-cycle sampling
mixer, and a 4/4 CS bandpass filter (BPF), introduced in [5]
for high-performance cellular applications and adapted here
for low power. The RX front-end is connected to the RF input
pad and TX through an internal matching network that enables
half-duplex operation of the BLE transceiver.

Both the sampling mixer and CS BPF operate at f; =4 fio
(where fio = ~2.45 GHz is close to the Bluetooth band) to
avoid aliasing with OOB blockers. The first folding appears
at 3fLo, or ~7.35 GHz. The process of sampling at 4 f; o in
the mixer includes both folding due to the sampling and due
to the mixing with fio, as can be observed in Fig. 4. Both
issues can be solved by a combination of LNTA’s LC-tank
filtering, window integrated sampling, and 4/4 CS BPF.

In order to be compliant with the OOB blocking mask,
the interferers in Table I at 3 fi.0, 4 fLo, and S fio should be
attenuated according to

Att = Pipterf — (S + 3dB — SNR — margin) (D
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where Pipeert is the interferer power defined in Table I, § is
the required sensitivity, and SNR is the value required for
demodulation, considered 15 dB in this analysis.

We start an analysis of the full-rate sampling section with
the passive mixer translation property. It was recently shown
in [17] and [18] that a BB output load of a 25% duty-cycle
current-driven passive mixer is frequency translated back at
the input to fro, 2 fLo, 3 fL0, - - -, according to

1
Zin(w) & Rew + ZZBB(CU)
2
+p[ZBB(CU —wLo) + Zpp(® + oL0)]
1
12

+—[ZpB(®w — 2w10) + Zpp(w + 2w10)]

2
+97T—2[ZBB(CU —3wr0) + Zpp(w + 3wL0)]

THeY @

where Z;, is the impedance seen at the mixer’s single-ended
input, Rgy is the mixer’s switch resistance, and Zgp is
the impedance at the mixer output, which is actually the
IF impedance in our case. Thanks to the differential topology
of the sampling mixer, the even multiples of fio are not
translated back to the IF; hence, they are not considered further
in our analysis.

The output load of the mixer is provided by the 4/4 CS
BPF. According to (2), the filter TF is translated to the mixer,
thus directly attenuating the OOB blockers. The 4/4 CS BPF

Gain (dB)

- - 4/4 CS-BPF
— WIS +4/4 CS BPF
-100 I 1 L L I I
20 15 10 5 0 5 0 15 20

Frequency (GHz)
Fig. 5. TF of 4/4 CS BPF showing pulse shaping effect.

implements a complex-domain infinite impulse response filter
with z-domain TF given by [19]

Vout(z) _ 1/(CH + CR)
OQin(z) 1—[a+j(l—a)z!

3)

Hyja cs—BPR(2) =

where Cp, is the rotating capacitor, Cy is the history capacitor,
and a = Cy/(Cy + Cg).

The ideal TF of CS BPF is presented in Fig. 5. Due to the
sampling period (7y = 1/f;), the repetition peaks of the DT TF
can be observed (as the black dashed curve) at the multiples of
~9.8 GHz. The sampling of integrated current with an ideal
square pulse originates a pulse shaping effect characterized
by a window integration sampling (WIS) function (4) [20],
shown in red dotted curve. Since the 4/4 CS BPF operates
with a 25% duty-cycle clock and At = 1/4 f, the WIS nulls
appear at the same repetition points of the filter’s TF, except
for the IF frequency (fir = 5 MHz) difference. Cascaded
effect produces an attenuation greater than 60 dB at the repe-
tition points, only due to the combination of sampling mixer
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and CS BPF [4]
sin(z f At)
Hwis(f) = —— “)
T f At

where At = 1/4 f1 o is the sampling pulse created by the 25%
duty-cycle clock period, as previously shown in Fig. 3.

The LNTA selectivity is the last effect to be included in this
analysis and it is mainly due to the second-order RLC tank
load impedance (L4 and Cy in Fig. 3) that can be modeled by

L2w2

|Zr (@) =
(1-LCo?)? + LY

(5)

where w =27 f.

If the resonance frequency and quality factor Q of the tank
are given by w o = 1/+/LC and Q = R/LwLo, normalized
LNTA gain is given from (5) as

2

(0]
| Zr ()| w2, 0°
IGinta(@)* = ——— = N . (6)
R _ )2 o’
wﬁo wﬁon

At o = 3wL0, the expected attenuation (Att = 1/GryT4)

due to the LNTA filtering is given by
2 2
Att2 = w (7
9/0?
which corresponds to an attenuation of 28.5 dB for an LNTA
with QO = 10. The combined voltage gain of the full-rate
section is given by the effective LNTA transconductance
(gmiNTA) and the impedance Zj, seen at the mixer input
Ay = Vour,r
Vin

where Vi, is a voltage at the antenna input. Fig. 6 presents
the TF of LNTA mask (6), and impedance translation (2)
of the 4/4 CS BPF (3). It shows the expected conversion
gain from the harmonics of fi o with an attenuation of more
than 60 dB at 3 fio and 5fLo, which satisfies the required
blocker attenuation of ~57 dB = —30 dBm — (—67 dBm —
15 dB — 5 dB) given by (1). Cascaded results presented in
green dotted curve are compared with the schematic-based
PSS/PXF analysis using Cadence SpectreRF™. thus verifying
the mathematical model.

= gMLNTA * Zin (8)
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B. IF Filtering at Decimated Clock

The second (i.e., back-end) section, redrawn in Fig. 7
with more details, is also based on DT BPFs but they
operate at a much lower (i.e., =16) sampling rate and thus
offer a much better selectivity. Transconductance (i.e., I/V)
gain is provided by differential inverter-based transconduc-
tor (Gm) cells, which condition the signal for current/
charge-domain processing in the passive CS filters. To ensure
such current-mode behavior, the input impedance of the filters
needs to be at least 3x lower than the output impedance of
the Gm cells.

Right at the beginning of the IF processing strip
(fir = 5 MHz), there is a clock decimation by 16 in order
to substantially reduce power consumption. This decimation
is realized by integrating 16 input samples on the rotating
capacitor using the LO clock that is divided by 16. This
creates a “self” antialiasing sinc-type filter with a z-domain
TF presented in (9). It is called sinc-type, because its TF is
similar to a sinc TF as can be observed in Fig. 8 [3].

1—z716 sin(z f 16
Hiy = Lm0 [sinas 16/f)
-z sin(z f/ fs)
where f; is the sampling rate of the filter.
The above =16 sampling-rate decimation can cause alias-
ing. To mitigate folding of large OOB interferers into the

©)
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weak received signal, the RX’s front-end should substantially
attenuate such interferers via filtering. Here, we exploit the
sinc-type antialiasing filtering naturally inherent in DT CS
filters. The worst case interferer of Piyerf = —30 dBm lies
fs = 4fiLo/16 = 612.5 MHz away from the signal at the
adjusted BLE sensitivity level of S = —67 dBm. This results
in a blocking attenuation requirement of 57 dB, as derived
from (1). Stopband loss, Hp(kfs), of the FIR filter across a
bandwidth B at the k*" filter null is given by [21]

B
Hp (kf s) k fs .

For f; = 4fi0/16 = 612.5 MHz, IF of 5 MHz, and
a signal of 1 MHz, we can estimate a bandwidth B of
20 MHz (with some margin) that results in an attenuation of
201og 10(B/kf;) ~ —30 dB for the first null. Attenuation
provided by the LNTA can be estimated at 13 dB with
f = fLo +612.5 MHz in (6).

Fig. 8 shows the TFs of the 4/4 CS BPF with WIS effect,
LNTA filter, and decimation-by-16 sinc-type filter. The LNTA
filter represents the filtering effect of the LNTA after frequency
translation by the mixer. The combined effects of the LNTA,
decimation by 16, and 4/4 CS BPF offer a very good antialias-
ing protection of around 83 dB = 13dB + 30dB + 40dB.

The second and the third filter stages presented in Fig. 7
are also complex-domain BPFs based on CS principle but
in a somewhat different architecture. They provide increased
selectivity with a theoretical image attenuation per filter that
is 5 dB better.

The 4/8 CS BPF presented in Fig. 9 has a structure similar
to the 4/4 CS filter previously shown in Fig. 3. The filter is
composed by four history capacitors (Cy) that share charge
with eight rotating capacitors (Cg) throughout eight different
phases. Unlike in the 4/4 filter, the output (voltage) and input
(current/charge) are physically separated here. Just like in the
previous case, the sampling operation of the input current
creates a similar WIS filtering characteristic.

The 4/8 CS BPF TF in z-domain is [7]

(10)

V() k
— — 11
HO =60 "oy —jia—ap
k= ;, o= —CH (12)
Cg +Cr Cu+Cr

The cascaded effect produced by the LNTA, WIS,
4/4 CS BPE, decimation by 16, and the two 4/8 CS BPFs
with WIS pulse shaping is presented in Fig. 10. A zoomed-
in version of the cascaded filters is shown in Fig. 11 and
compared with the normalized cascaded TF obtained through
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Fig. 11. Zoomed-in cascaded TFs of the RX.

simulations using PSS/PAC analysis (SpectreRF). A theoreti-
cal image attenuation of 31 dB is obtained with the TF model.

In-band interferer requirements presented in Table I call for
30 dB of image rejection due to the cochannel requirement of
21 dB and an image interferer protection of —9 dB. However,
this is a requirement of the complete RX and should include
BB processing, which is quite straightforward to do.

Since the presented model does not consider the Q-factor
reduction of the filter due to the finite output impedance of
the LNTA and transconductors as well as the nonideal square
pulse implementation, an image attenuation of about 26 dB
is observed in the simulations in Fig. 11. Here, there is a
tradeoff in the input impedance choice, since the reduction
of the input impedance of the filters to improve the Q-factor
requires better and larger switches, which are power hungry
and thus not compatible with the power efficiency philosophy
of IoT solutions. Nevertheless, image rejection can still be
easily achieved in the complex-domain signal processing in
the digital domain provided that the RX quadrature imbalance
is not significant.

At this point, it is necessary to evaluate the aliasing effect
caused by an I/Q SAR ADC of 20 MS/s. A complex-domain
demodulation following the ADC exhibits aliasing at fs Apc+
Sir and — f; aApc — fir, which correspond to 15 and —25 MHz
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Fig. 12.  Comparison of 4- and 5-MHz IF cascaded TFs of the RX.
in Fig. 11. At these frequencies, a requirement of 48 dB is
presented, as observed in Section III.

The simulation results in Fig. 11 show a rejection of only
45 dB at 15 MHz, which would require an increase in ADC
sampling rate, the use of an additional antialiasing filter,
or even the IF reduction in order to achieve the blocking
requirement at that frequency. With an IF reduction to 4 MHz,
also due to the change of aliasing points to 16 and —24 MHz,
an improvement of around 10 dB is expected as can be
observed in the TF comparison presented in Fig. 12.

C. Circuit Implementation

The full-rate section of Fig. 3 is implemented with an LNTA
composed of two stages: a common-source cascode low-noise
amplifier (LNA) and a transconductor amplifier (TA). Both
stages operate in moderate inversion (gm/l; = 18 and 12
V=) in order to reduce power consumption with a current
biasing of only 400 and 100 u A, respectively. The LNTA (i.e.,
LNA + TA) is designed with 31 dB of gain when loaded
by a 1-kQ input impedance of the CS BPF filter, which is
frequency translated to the RF mixer input by (2). The passive
sampling mixer has a reduced conversion gain of /2/x, which
corresponds to —6.9 dB, resulting in 24 dB of total gain for
this section.

Both the rotating capacitor Cr and history capacitor Cy
are 5-b binary programmable, from 22 to 150 fF, and from
2 x 85 to 2 x 18.7 pF, respectively. The required input
impedance of 1 kQ for the 4/4 CS BPF is set by 1/(Cg f5),
where Cg is programmed to 100 fF and f; = 9.8 GHz. The
center frequency of 5 MHz is adjusted by programming Cpy

according to
C
fe= zf—; arctan (C—Z) .

Each Gm cell is composed of parallel unit-controlled
“inverterlike” stages, shown in Fig. 7, allowing four possible
gains of 1.7, 7.1, 10.5, and 12.5 dB. Devices are sized in
moderate inversion to reduce power consumption, but with
L =200 nm to achieve a higher output impedance of 15 kQ.
Blocking capacitors and biasing resistors at the input and
output of the Gm cells define a frequency corner of 1 MHz,
thus with a minimum channel/band attenuation and without

(13)
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Fig. 13.

Chip micrograph of the complete transceiver [9].

increasing too much of the capacitor and resistors size.
Gm cells are highly linear with a simulated IIP3 of 40 dBm.

The 4/8 CS BPF stages contain Cg and Cy capacitors that
are also programmable using five binary bits. The filters have
an input impedance of 3.3 kQ, which is much smaller than
the Gm’s output impedance in order to improve the filter’s
Q-factor.

The 25% and 12.5% duty-cycle clock phases needed for
the DT-RX operation are generated in several steps using
customized CMOS logic with low-V; devices. A differential
input clock of 4.9 GHz, coming from a digitally controlled
oscillator (DCO), is divided by two to generate the in-phase (I)
and quadrature (Q) LO signals, which are then combined to
generate 25% duty-cycle clocks (see Fig. 3). The 12.5 % duty-
cycle clocks are generated using an 8-b synchronous standard-
cell counter [4].

The TX and RX are interconnected on-chip by a matching
network introduced in [9] that implements a “soft” switch in
transmit and receive modes (Fig. 3). During reception, the
TX’s final stage connected to P; and P, is turned OFF and
its impedance (ZTx) peak seen at the RX input is tuned to
the RX’s center frequency through programmable capacitors
C; and Cy (a)ﬁo ~ 1/(L,Cy + LgC>). The impedance at the
resonant frequency (~ fLo) has a maximum value of 250 kQ,
causing a penalty of less than 1 dB in the RX NF. In the
transmit mode, capacitance C, is set to resonate at a higher
frequency. The resulting capacitive impedance seen in parallel
with the transmit output gives a minimum penalty of ~ 3% in
the transmit drain efficiency [9].

V. EXPERIMENTAL RESULTS
The DT RX proposed in this paper was realized together
with an all-digital PLL. (ADPLL)-based TX [9] in 28-nm
TSMC bulk CMOS process technology. The transceiver area
is 1.4 mm?, as shown in Fig. 13. The complete RX consumes
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35
30 | -
= Measurements TABLE II
= ==Simulation
@ PERFORMANCE SUMMARY AND COMPARISON
o WITH BLE STATE-OF-THE-ART RXs
z» This
[T S
o Work [11] [12] [13]
S CMOS node 28nm  90nm  55nm 40nm
Data rate & 1-Mbps  1-Mbps  1-Mbps  1-Mbps
. s modulation GFSK GFSK GFSK GFSK
5 L= Noise figure (dB) 6.5 6 N/A 6.5
Sensitivity (dBm) -95 -98 -94.5 -94.5
0 1IP3 (dBm) -19 -19 N/A N/A
25 -20 15 -10 5 0 On-chip T/R Switch Yes No Yes Yes
Supply voltage (V) 1 1.2 0.9-3.3 1.1
Frequency (MHz) Integrated transceiver Yes Yes Yes Yes
Power dissipation
Fig. 16. Measured and simulated NF. (mW) P 2.75 33 11.2 6.3
Figure of Merit (dB)x  -121 -123 -114 -116.5

«FoM = RxSensitivity + 10log;,(Idc@1V")

2.75 mW at 5-MHz IF and at the high measured gain of 46 dB.

The RX’s power breakdown, which includes the DCO and its

buffer, is shown in Fig. 14. The measured TF is shown in Effectiveness of the proposed OOB filtering strategy, which
Fig. 15. It agrees well with simulations and indicates the image comprises the LNTA, mixer, and 4/4 CS BPF, and which
attenuation of 26 dB. The Gm blocking capacitors and biasing results in the elimination of external filters, can be verified
resistors define the 1-MHz corner, which can be observed in in Fig. 18. The dotted curve shows that the RX can tolerate
Fig. 15. Fig. 16 shows simulated and measured NF of 6.5 dB at  high-power blockers with good margin, while satisfying the
the 5-MHz IF. Fig. 17 shows the measured IIP3 of —19 dBm. required packet error rate of 30.8%. In this measurement,
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the desired BLE signal is fixed at channel 12 with an input
power of —67 dBm while the amplitude and frequency of
blockers are swept [16]. The DT sampling frequencies at
4fL0/16 = 612.5-MHz offset from ~2.45 GHz and at
4 fLo = 9.8 GHz are verified with at least 10 dB of margin in
the blocking protection.

Table II presents the performance summary of the
implemented DT-RX and compares it with recently disclosed
high-performance RXs with similar sensitivity. Comparison
shows the lowest power consumption, only comparable to [11],
which needs an external T/R switch and a matching network.

VI. CONCLUSION

This paper presented a top—down design of the first DT RX
for BLE. It starts with the BLE RX system specifications
and translates them to the architecture of charge-domain DT
processing, which has been applied successfully to high-
performance commercial cellular RXs. With the new constraint
of ultimate reduction of power consumption, the transistor
sizes are maximally reduced. The resulting flicker noise, which
extends to several megahertz, is mitigated by setting the IF at
5 MHz. The design is fabricated in TSMC 28-nm bulk CMOS
with an active area of 0.7 x 1.4 mm?. It attains the record-low-
power consumption of 2.75 mW while maintaining the state-
of-the-art performance, with no external matching networks or
external TX/RX switch required. The IIP3 of —19 dBm and
the NF of 6.5 dB with —95 dBm of sensitivity are competitive
with the best reported BLE continuous-time RXs.
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