IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 56, NO. 2, FEBRUARY 2021

427

A Type-II Phase-Tracking Receiver

Suoping Hu

, Graduate Student Member, IEEE, Jianglin Du, Student Member, IEEE,

Peng Chen™, Member, IEEE, Hieu Minh Nguyen, Student Member, IEEE, Philip Quinlan, Member, IEEE,

Teerachot Siriburanon

Abstract—We present a new analog-to-digital converter
(ADC)-based architecture of a phase-tracking receiver (PT-RX)
optimized for ultra-low-power (ULP) and ultra-low-voltage
(ULV) operations for the Internet of Things (IoT). The RX
employs a type-II loop configuration that offers improved stabil-
ity compared with the previous type-I PT-RX solutions. In addi-
tion, the type-II loop is also very tolerant of long run-lengths of
consecutive “1” or ‘“0” symbol sequences. Fabricated in 28-nm
CMOS, the prototype PT-RX targets Bluetooth low energy (BLE)
standard consuming only 1.5 mW at a supply of <0.7 V. It main-
tains an adjacent-channel rejection (ACR) of >-11/3.5/17/27 dB
at (0/£1/+2/+3 MHz offset and can tolerate out-of-band (OOB)
blockers of minimum —21 dBm across 1.0-3.5 GHz while also
offering a best-in-class figure of merit (FoM) of 181 dB, with
a 1-Mb/s BLE sensitivity of —93 dBm.

Index Terms— Bluetooth low energy (BLE), digitally con-
trolled oscillator (DCO)-based receivers (RXs), discrete-time
(DT) filter, Internet-of-Things (IoT), phase-tracking RXs (PT-
RXs), successive-approximation-register (SAR)-analog-to-digital
converter (ADC), ultra-low power (ULP), ultra-low voltage
(ULV).

I. INTRODUCTION

HE massive deployment of Internet-of-Things (IoT)

applications calls for ultra-low-power (ULP) and ultra-
low-voltage (ULV) design techniques for system-on-chip
(SoC) devices realized in nanoscale CMOS [1]-[4]. The RF
receiver (RX) is a key IoT subsystem that takes a significant
portion of the IoT’s total power budget. In the industry, com-
mercial RXs using Cartesian [i.e., in-phase/quadrature (I/Q)]
topology [5], [6] aimed at Bluetooth low energy (BLE), a dom-
inant standard in IoT devices, consume 5-10 mW. A more
recent industry work [1], a superheterodyne discrete-time (DT)
Cartesian RX, achieves the lowest power of 2.75 mW with a
sensitivity of —95 dBm. However, it becomes more and more
challenging to further reduce the power allocation for the RX,
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where RF blocks [i.e., low-noise amplifier (LNA) and local
oscillator (LO)] dominate most of the power budget in order
to satisfy the stringent sensitivity and linearity requirements.
Therefore, rather than focusing on the power reduction of
individual blocks incrementally, we aim at re-visiting the
RX architecture from the ULP and ULV standpoints.

Several innovative RX architectures have been pub-
lished recently. A hybrid-loop RX in [7] achieves good
adjacent-channel rejection (ACR) performance due to utilizing
an all-digital phase-locked loop (ADPLL) as an analog-to-
digital converter (ADC) for quantization and with enhanced
dynamic range via a digital-to-analog converter (DAC) feed-
back. However, it is vulnerable to an RF carrier-frequency
offset due to its IF being required to exactly align with
the deviation frequency of FSK symbols, and it also suffers
from image issues due to its low-IF conversion. Besides,
the 1.1-mW ADPLL limits its overall power efficiency.

In contrast to the twin-path topology of the conventional
I/Q RXs, a new single-path phase-tracking RX (PT-RX) in [2]
demodulates the input symbols directly at RE. This signifi-
cantly reduces the overall power consumption by removing the
need for a separate LO PLL/RF synthesizer (typically, the most
power-hungry block in RX) and further removes the need
for quadrature I/Q signal processing circuits in the baseband.
However, it suffers from impoverished sensitivity (degraded by
an inadequate frequency deviation control and excessive loop
latency) and limited ACR (deteriorated by comparator-induced
worsening of sidelobe energy and non-robust locking loop).
As a result, it cannot fully meet the Bluetooth standard,
which is extensively used in IoT applications. A follow-up
PT-RX in [3] has demonstrated improved ACR and sensi-
tivity performance that satisfies the Bluetooth LE standard
while consuming only 2.3 mW. However, that PT-RX still
compromises its power efficiency by utilizing an aggressive
hybrid-loop filter in order to achieve better ACR. It also shares
the power-hungry ADPLL-based digital frequency-modulation
(FM) interface with the transmitter to calibrate the sym-
bol deviation frequency and define the initial frequency in
order to improve sensitivity. Most significantly, the exis-
tence of a non-zero phase error in the type-I' phase-tracking
loop [2], [3] means degraded stability of the locking loop
and being unable to support long sequences of “0” and “1”
symbols.

To solve the fundamental issue with the type-I PT-RX
and to further reduce its power consumption, a type-II loop

1Although the previous PT-RXs [2], [3] have one digital integrator in the
loop, the 1-bit quantizer prevents the integrator from zeroing out the phase
error; hence, it is improper to define the loop as type-II.
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Fig. 1. (a) Simplified diagram of type-I PT-RX and (b) conceptual illustration of its AFC block, (c) its PD characteristics under the condition of fully

tracked symbols. (d) Simplified diagram of the proposed type-II PT-RX and (e) conceptual illustration of its AFC block, and (f) its PD characteristics under

the condition of fully tracked symbols.

arrangement is proposed here in which the 1-bit phase quan-
tizer of the prior solution is replaced with a 10-bit successive-
approximation-register (SAR)-ADC. In addition, the analog
continuous-time low-pass filter (LPF) is also replaced with a
more efficient switched-capacitor (sw-cap)-based DT LPF. The
new RX consumes only 1.5 mW at a supply of <0.7 V, and
it offers three key benefits: 1) robust locking/tracking loop;
2) improved performance to satisfy the BLE standard with the
best sensitivity FoM of 181 dB; and 3) tolerant to the long
run-length of consecutive “1” and “0” sequences.

This article is organized as follows. In Section II, a detailed
review of state-of-the-art PT-RXs is carried out, and then,
the new type-II PT-RX is introduced. A linear s-domain model
of the proposed PT-RX is further presented, followed up by
noise analysis. Section III discusses the circuit implementa-
tion. Finally, to show the effectiveness of the proposed system,
Section IV discloses the experimental results.

II. ARCHITECTURE OF PHASE-TRACKING RX
A. Review of Type-1 Phase-Tracking RX Architectures

Fig. 1(a) shows a simplified diagram of the original PT-RX
in [2]. This single-path RX is designed to demodulate IEEE
802.15.4 signals.> To fairly compare our proposed RX with
this PT-RX, we apply the same Gaussian frequency-shift
keying (GFSK) modulation to both RXs, at a data rate

%It uses half-sine shaped quadrature phase shift keying (HS-OQPFSK).
This modulation is also equivalent to FSK with a peak deviation frequency
of 500 kHz at 2 Mb/s.

of 1 Mb/s. A GFSK-modulated baseband signal (peak devia-
tion frequency fox = 250 kHz) with a carrier frequency fc is
applied to the LNA and mixed down by the digitally controlled
oscillator (DCO) frequency fpco. Apart from operating as an
RF downconverter, the mixer, along with the one-bit quantizer,
also behaves as a bang-bang (BB) PD in the loop. The mixer’s
output phase error ®yx is applied to an LPF to remove
undesired components. Thus, the LPF not only behaves as
a loop filter, but it also operates as a channel-selection filter
in the RX baseband. The filtered phase error ®@ypg is then
limited by a one-bit quantizer, whose logic output is applied
to a proportional-integral (PI) loop filter with programmable
coefficients @ and p that tune the DCO to track the RF input
frequency. Thus, the PI controller completes the automatic
frequency calibration (AFC) loop such that its output fed to the
DCO as an oscillator tuning word (OTW) represents the carrier
frequency with the recovered input modulating waveform.
However, the AFC is sensitive to non-50% duty-cycle
symbol patterns and could result in a DCO frequency drift
[see Fig. 1(b)]. Assume that there is no initial TX drift, and
a sequence of “1011” (the first symbol “1” has been tracked)
is fed into the RF input. This 67% duty-cycle symbol pattern
(“011) will result in the accumulation of offset at the LPF
output. This AFC offset is dependent on p/a and also on
the length of consecutive sequences of “0” and “1” symbols.
It results in a DCO frequency drift, which then limits the ACR
and sensitivity performance. For long consecutive symbol
sequences or large p/a, ®@ppf falls to < 0 (@ = n/2 to 37 /2)
region, and it alters the comparator output to logic 0, which
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results in the demodulation error. Due to this AFC offset
accumulation, the PT-RX in [2] is only capable of supporting
up to seven consecutive symbols.

Apart from the constrained symbol patterns, another issue
of this type-I PT-RX is the instability of the locking loop
in steady state, which can further degrade the performance
of ACR and sensitivity. Fig. 1(c) shows the characteristic of
the phase detector (PD) function. The PD operates relatively
linearly with a maximum small-signal gain (6@ pr/06) cen-
tered near the transitory zero-crossings. However, it exhibits
a small-signal gain of zero if 0 = kx (k =0, £1, £2, ...),
exactly at the points where the type-I PT-RX is kept in steady
state. Now, suppose that the input symbol is tracked (either
“0” or “1” symbol), which means that the PD will operate at
the peak of its characteristic. The PD gain drops to zero there,
which leads to an equivalent open loop. Essentially, with a
very small but deterministic frequency drift, the RX cannot
lock the loop reliably.

A frequency-domain ON/OFF keying (F-OOK) modulation
was proposed in [8] to address the constrained data-pattern
issue by means of adapting the input modulation scheme
to F-OOK at 100 kb/s. However, it does not support the
GFSK modulation, which is a requirement in BLE. Our
proposed type-II PT-RX addresses the two above issues
in [2], [3], and [9] architecturally and in a power-efficient
manner.

B. Proposed ADC-Based Type-1I Phase-Tracking RX

A new architecture of a type-Il PT-RX is proposed
in Fig. 1(d). A SAR-ADC is now utilized to quantize the
phase error A® so that, along with the mixer, it can operate as
a multi-level PD. In addition to the AFC applied for the fine
calibration, a coarse carrier frequency offset (CFO) calibration
is realized for the initial correction of the carrier frequency
contained in the received BLE preamble. The multi-level ADC
is an essential block in the type-II loop structure, and it
achieves two key benefits over the prior-art type-I solution with
the one-bit quantizer: 1) by means of the digital accumulator,
it zeroes out the mean value of phase error A®, which
eliminates the AFC offset and helps to achieve loop robustness
and 2) it improves the degraded RX SNR in the face of the
DCO sidelobe energy and quantization noise.

The operation is illustrated via an example. Suppose that the
input data stream is “1011,” and the first “1” symbol has been
properly tracked. This implies that § = 7 /2, @ pr = 0, and
foco = fc+ fok [see Fig. 1(f)], with fpx = 250 kHz. The next
symbol alters to “0” (fiv changes to fc — fpx); then, the LPF
output @ pp follows V cos (27 fikt + 7/2), and it starts to go
into negative value gradually [# = 7 /2 — 37 /2 in Fig. 1()].
The negative value of ®ppp is digitized via the SAR ADC
causing the AFC output to decrease [see Fig. 1(e)]. After a
certain time, the phase error @y pr traverses the blue trajectory
in Fig. 1(f) and reaches the location of § = 37 /2, where
the A® returns to zero again. The DCO output frequency
is forced to fc — fox, which indicates that the input symbol
is tracked again. Hence, it is evident that in the proposed
PT-RX, the phase error A® returns to zero after the symbol is
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Fig. 2. Simulated output waveforms of LPF, ADC, and PI output (p/a is
set to 1/100).

tracked, which is an essential characteristic of the type-II loop.
Apart from the phase error gravitating to zero, this type-II
PT-RX tracks the transitions between each symbol rather
than the steady states in type-1 PT-RXs. Particularly, the blue
trajectory in Fig. 1(f) stands for symbol “0,” and the black
trajectory represents symbol “1.”

The proposed PT-RX can track any symbol patterns since
the AFC offset inherent in the type-I PT-RX is now eliminated
[see Fig. 1(e)]. Suppose that the first “1” of the “011” symbol
sequence is tracked, and the second one is coming. Since the
latter does not change the RF input frequency, the DCO is
kept stationary due to the lack of residual phase error from
the ADC output [see Fig. 1(e)]. Consequently, the length of
consecutive data is not limited at all in the proposed solution.

Perhaps, a bit deeper insight can be gained with an analogy
to a BB (AD)PLL [10], where locking to a reference clock
signal there can be loosely compared with locking to a long
sequence of “1” symbols here. Due to the 1-bit quantization of
the phase error in the BB-ADPLL, the loop exhibits chattering
around the zero phase-error point, and a bit of loop delay can
cause an oscillation of the oscillator’s tuning input or even
cycle slips. Because its one-bit quantizer does not provide
the necessary stable point at exactly the zero phase error
state, so as to keep the expected integrator output at zero,
the DCO will continue chattering between the values above
and below zero. In contrast, applying a multi-bit ADC here is
equivalent to applying a multi-bit TDC there such that a stable
locking point can be found. In other words, to avoid such
toggling near the threshold in the steady state, the comparator
(BB-PD) of the type-I PT-RX has to operate in the non-linear
range with nearly zero gain; hence, the tracking loop is
essentially free-running within that dead zone.

A behavioral model of the PT-RX is built in Simulink to
perform time-domain simulations.® Fig. 2 shows waveforms
at various key nodes (i.e., input frequency; LPF, ADC, and
OTW outputs). Four pairs of “10” denote the BLE preamble.
As expected, after a few repeated symbols, @ pr and the ADC
outputs return to zero. The OTW waveform tracks the input
frequency deviation of the transmitted symbols quite faithfully.

3RX NF = 8 dB, 1-dB compression point of RX CPjgg = 0 dBm, PN of
DCO is —112 dBc/Hz at 1-MHz offset, and the RF input is —67 dBm.
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As an additional benefit, the ADC-based type-II loop
arrangement mitigates the DCO sidelobe energy level com-
pared with the type-I solution. The sidelobe energy at the
DCO output is unavoidable due to the binary modulation,
which is abrupt [see Fig. 1(b)] and contains many harmonics.
It mixes with the RF input and results in a residual inter-
ference, which limits the ACR performance. The multi-level
ADC in the proposed PT-RX directly conveys the GFSK-like
waveform (OTW) with less harmonic distortion into the DCO.
Fig. 3 demonstrates that the more precise the ADC, the lower
the BER. To meet the BLE specification, a 20-dB rejection
at 2-MHz offset is targeted with 3-dB margin; hence, the
ADC requires at least 8 bits of resolution.

C. Linear S-Domain Model

A simplified linear s-domain model of the proposed PT-RX
is shown in Fig. 4. Similar to the modeling of a conventional
ADPLL, it is a continuous-time approximation of a DT
z-domain with a sampling frequency of f; = 25 MHz and is
valid since the signal bandwidth of interest (1 MHz) is much
smaller than the sampling frequency [11], [12]. The PT-RX
is modeled as an arrangement of three main blocks (the PD,
loop filter or PI controller, and normalized DCO). To simplify
the analysis, the other blocks (i.e., LNA, TIA, and LPF) are
represented as merely a constant gain, which is denoted by
the forward gain K.

The passive mixer, together with the ADC, is modeled as
a phase subtractor with the gain of Kpp since, in a steady
state, its small-signal gain is always linear [see Fig. 1(f)],
while the PD in [2], [3], and [13] cannot be modeled as a
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constant gain due to its operation beyond the small linear range
[see Fig. 1(c)] [14], [15]. One frequency-to-phase integrator
is absorbed in the PD. The PI controller provides another
integration pole apart from the pole due to the frequency-to-
phase conversion of DCO. The normalization of DCO ensures
that its transfer function (TF) is largely independent of process,
voltage, and temperature (PVT). LSB is a unit step of the
DCO tracking bank. The feedforward-path TF Hi(s) can be
expressed as

Hie(s) = KpDKG(a + %) (1)
The feedback-path TF Hy,(s) is
LSB K
Hip(s) = foA/ . Kbco @)
Kpco s

Let us suppose that the DCO gain is estimated/normalized
correctly [11]. Then, Hy,(s) is simplified to

Jo
Hpy(s) = P (3)
For mathematical convenience, assuming that KppKg = 1,
then the closed-loop TF could be simplified as
a-s+ fop

Hu(s) = “)

s2+ foo-s+ fip
Two noise sources, @, rx and @, pco, are also introduced
in the s-domain model, where @, rx represents the RX chain
error source (e.g., thermal noise, flicker noise of the baseband,
dc offset, and quantization error), and @, pco stands for the
DCO phase error (i.e., phase drift, flicker, and thermal PN).
Their TFs are also derived as

o2+ fop-s
H, s) = 5
cl.n.RX () FT foa-s+ 2 (5)
a-s*+ fop s
Hg ., s) = . 6
el,n,pco(s) ST foo s+ 12p (6)
The pair of pole frequencies of (4)—(6) are at
— foor & foa,/1 — 2
Pl = . (7

2
Since (1 — (2p/a))'? V1 = (4p/a*/23/T) = 1= (2p/a?)
and also (2p/a) ~ 0, (7) can be reduced to
P2~ — foo. (3)

pl%_ >

o

Equations (4)-(6) have a common zero (z; = —(fop/a)),
roughly of the same value as p;, which leads to a compen-
sation of the pole at p;. p, defines the bandwidth of the
PT-RX loop. Since there is no zero at origin, a flat low-pass
characteristic of the signal TF (STF) is confirmed in Fig. 5(a).
This low-pass characteristic of STF ensures that the proposed
PT-RX does not suffer from the consecutive symbol patterns.
Fig. 5(b) shows the magnitude response of the STF at various
values of p. Although an excessive value of p could fasten the
tracking process, it can also cause underdamped effects that
might push the RX into an unexpected oscillation. The sim-
ulated outputs of LPF, ADC, and PI blocks at various values
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Fig. 6. Simulated outputs of LPF, ADC, and PI at various values of p.

of p in the time domain are also shown in Fig. 6. As expected,
higher values of p assist with tracking more rapidly but also
less robustly. At sufficiently high p, a tracking error happens
due to the limited damping. In the time-domain simulations
shown in Fig. 6, the loop latency is also included, which
aggravates this scenario compared with the linear s-domain
model in Fig. 5(b). The value of a is appropriately set to
ensure the DCO tracking range slightly larger than the peak
deviation frequency, so as to decrease the settling time while
keeping the ratio of p/a smaller than 1/100 to ensure enough
damping.

A 20-dB/decade suppression for the noise source @, rx is
achieved in the proposed PT-RX, which indicates the inherent
suppression of the dc offset caused by mismatch or self-
mixing. The NTF of DCO features a 20-dB/decade suppression
as well. The thermal PN of DCO is filtered out by the DT LPE.
The frequency deviation due to the DCO PN was derived
in [16] for a frequency modulator. Similarly, three-sigma
(standard deviations) of the frequency drift 3o orpn caused by
PN could be derived as

BWLoop
3osren = +3 / L1 - (1 MH22Af ()
1

0 kHz

where £ mu, is PN of DCO at 1-MHz offset, and BWyqqp
is the loop bandwidth. In this work, a DCO with PN
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of —114.4 dBc/Hz at 1-MHz offset is designed in order
to minimize the sensitivity degradation. By substituting the
values of £; muz, (9) is reduced to

30'(;f,pN ~ 5.7 kHz. (10)
Then, SNR of RX due to the PN of DCO could be expressed
roughly as

Af?

O-a‘zf,PN
To obtain a Bluetooth BER of 0.1%, an SNR of 11 dB is
required for the PT-RX [13]. With 33 dB of SNRpy in (11),
the DCO phase noise (PN) does not significantly impact the
sensitivity performance here.

To summarize, Fig. 5(a) shows the plots of STF and
NTF in both type-I and type-II PT-RXs. In contrast to the
type-1I PT-RX, the low-frequency attenuation of STF in type-I
PT-RX leads to the limitation of repetitive symbols. Both of
them have good RX noise suppression in terms of dc offset or
flicker noise (of LNA and baseband circuits) and also provide
20-dB/decade suppression of DCO PN. However, the type-I
PT-RX’s high-pass corner p; cannot be made practically large
enough to suppress the flicker noise of DCO since higher p;
results in bit errors. In [13], p; ~ 10 kHz and BW, ;3 ~
100 kHz. With the consideration of integrated 1/f* PN from
10 to 100 kHz, its SNRpy is expressed as

BW, 3 Lio k1, - 10 kH
303N = 3 \/ / . %Z df
1

0 kHz

BWLoop
+3\// L1 muz - (1 N[HZ)2 df.
B

Wi

SNRpy = ~ 33 dB. (1)

12)

It now achieves SNRpy of 20 dB with PN of —66 and
—114.4 dBc/Hz at 10-kHz and 1-MHz offsets, respectively.

III. CIRCUIT IMPLEMENTATION

In terms of circuit implementation, this work focuses on
yielding competitive performance while operating at ULP
and ULV. The power management unit (PMU) that supplies
multiple voltage domains is an essential block in contemporary
SoCs. Hence, providing multiple individually optimized sup-
ply levels is, nowadays, a common practice. In [17], a 0.18-V
supply goes to an on-chip PMU that then powers the RX front
end and baseband circuitry and provides overall biasing at
higher voltage levels. Reference [18] demonstrates a 0.5-V
ADPLL with a DCO operating directly at 0.5 V. However, its
TDC is supplied at 1 V by an internal doubler. An ADPLL
in [19] runs its DCO at 0.23 V and a doubler at 0.35 V to
power the voltage-sensitive TDC. Reference [20] demonstrates
a DT-RX directly supplied at 0.275 V via an sw-cap-based
voltage doubler. In this work, the RF front end is optimized
at 0.3 V and a DCO at 0.25 V. A 0.7-V supply is applied
to mixed-signal circuits. No dc—dc converters are utilized.
A detailed introduction of individual block implementation is
given in the following.
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Fig. 7. (a) Detailed schematic of RF front end. (b) Simplified schematic of passive mixer and transimpedance amplifier. (c¢) Detailed schematic of the

inverter-based amplifier.

A. ULV Two-Stage LNTA and Passive Mixer

A single-ended two-stage low-noise transconductance
amplifier (LNTA) operating at 0.3 V is shown in Fig. 7(a).
A cascode architecture is selected for the first stage to provide
low NF and large gain. The optimized bias voltages are
chosen, so as to obtain competitive linearity, which is the
main concern in ULV designs. For an extra-low-V; (ELVT)
MOS (M, _3) with threshold voltage of ~450 mV, suppose that
Vewm,i is biased at 510 mV, and then, the overdrive voltage
Vovi = 60 mV, which is enough to tolerate a blocker of
—14 dBm (BLE requires —30 dBm) without pushing M, into
triode region. Assume that Vo 1—» = 60 mV, and only 120-mV
supply voltage is required to maintain M;_; in saturation. The
measured RX noise figure (NF) is 6.3 dB, and the LNTA gain
(with TIA as its load) is 32 dB.

A passive mixer is utilized due to its better linearity and
lower power consumption. LO clocks with a convenient 50%
duty cycle are used to translate the RF input signal since
only one path is needed in the PT-RX. To achieve better
linearity, a higher voltage VGyx pn is applied to lower Rox
while maintaining small parasitic capacitance of the passive
mixer. Two grounded capacitors load the mixer to suppress
the even-order distortion.

B. Inverter-Based TIA and Baseband G,,-Cell

Fig. 7(c) shows a detailed schematic of the inverter-based
amplifier unit. Depending on its load, this cell can be con-
figured as a G,-cell when driving a low-impedance sw-
cap resistor [see Fig. 9(a)] or as an operational amplifier
(op-amp) when driving a high-impedance gate of a MOS
transistor [see Fig. 7(b)]. With a 0.7-V supply, the conventional
analog op-amp topology does not provide enough headroom
to keep all the transistors in the saturation region. The
inverter-based amplifier is an excellent candidate for ULP and
ULV designs. Here, the cell works in the sub-threshold region
with slightly compromised gain. With the aim of reducing its
flicker noise and mismatch, the unit cell is sized at W/Lp =
14 ym/l ym and W/Ly = 8 um/1 pum. The 3-bit binary
switches for both TIA and G, cells program their gains.
An identical inverter-based unit with different multipliers (M)
is used for the TIA (M 4) and DT LPF (M 2),
respectively.

Common-mode feedback (CMFB) in Fig. 7(c) is imple-
mented to stabilize the output common-mode voltage across

700 T T T
w/o bulk adjustment
600 w/i bulk adjustment FS
< | ) T
E 500 i i corner
> 400 - \ 1
=300 F ! !
3 TT : FF !
> 200 corner: corner :
100 | i i
] ]
4 ! L ! !
27 -20 27 80 -20 27 80 -20 27 80 -20 27 80

Temperature (°C)

Fig. 8. Simulated output common-mode voltage of TIA across process corner
and temperature.

PVT variations. Two current sources regulated by the error
amplifier, which detects the averaged common-mode voltage
from the main transistors, are used to sink/source current
from/into Vour,y and Vour,p. Ms_g are required to have a
large length so as not to degrade the output impedance of the
main amplifier significantly. Also, only a small portion of the
current is needed to sink/source from/into the main amplifier.
Hence, Ms_¢ and M7_g are sized with large L but a small W/L
of I um/l pum and 2 um/l pm, respectively. Furthermore,
a body bias technique is applied as another tuning “knob” to
combat PVT variations. The simulated output common-mode
voltage across process and temperature is shown in Fig. 8.
The amplifier can tolerate fast—fast (FF) and slow—slow (SS)
corners without resorting to any adjustments of the body bias.
However, with the body bias adjustment, it can bring the
common-mode voltage back to a typical value again for FS
and SF corners. The ELVT transistor is used in the amplifier
with the threshold voltage of ~380 mV.

C. Seventh-Order IIR Discrete-Time Low-Pass Filter

Fig. 9(a) shows the seventh-order charge-rotating IIR DT
LPF, which functions as both a baseband filter for attenuating
interferers and an anti-aliasing filter prior to the ADC [21],
[22] (detailed discussion is deferred to the ADC subsection).
In each cycle at the first phase ¢;, a sampling capacitor Cg
samples the stored charge from the history capacitor Cyy,
which is charged by the G,,-cell. From ¢, to ¢7, at each
phase, Cs charge shares the residual charge from Cy, to Cyy,
respectively. After sharing with the last history capacitor Cyy,
Cs is reset to virtual ground at ¢g, and then, a new cycle starts.
With the aim of attenuating in-band interferers or other unde-
sired components (e.g., the mixing harmonics), the DT LPF’s
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(a) Implementation of the full-rate seventh-order DT low-pass-filter using 8-bank pipelining structure. (b) Four-latch-based clock generator core and

(c) its and gates and single-to-differential clock buffers. (d) Detailed schematic of the latch unit.

bandwidth f3gg must be set as low as possible. On the other
hand, it must be large enough, so as to satisfy the low
loop latency. To achieve the best simultaneous performance
of sensitivity and ACR, fs_gg is set around ~1.3x of the
input signal bandwidth [13]. The targeted signal bandwidth
is 500 kHz in BLE; hence, 700 kHz is set as the f3_4p
bandwidth in this tradeoff. Due to the TF preciseness of the
sw-cap circuitry, its bandwidth only depends on the sampling
rate and ratio of Cyg and Cg [22]. An accurate 3-dB bandwidth
could be expressed as [23]

Ss_ G

a (Cs +4Cy)
where fs represents sampling frequency and the coefficient a
is equal to (1/(~/2 —1)'/2) with N representing the order of
the DT filter (« ~ 3, when N = 7). fs is chosen 128 MHz
(~8 ns) here in order to minimize the loop latency, and
with the requirement of f;3_qg ~ 700 kHz, we obtain the
values of Cs (0.2 pF) and Cy (3 pF). Thus, the oversam-
pling frequency (fos) of the seventh-order DT LPF would
be ~ 1 GHz (= (N + 1)fs). It is generally not desired for
ULP designs to operate at the sampling clock of ~1 GHz;
hence, a pipelining structure is utilized to divide down fog,
as shown in Fig. 9(a). Along with the eight interleaved banks,
fos is 8x lower at 128 MHz. Furthermore, a four-latch-based
eight-phase waveform generator is implemented, as shown
in Fig. 9(b), so as to further lower fos by 2x. This waveform
generator takes advantage of both rising and falling edges
so that only N/2 latches are required for the eight-phase
waveform. Therefore, in this work, fs could be expressed as
fs =2 % fos.

In addition, the waveform generator can start up by itself
with noise by means of returning ‘0, rather than Q. [22], [23]
to the input of Latch 1. Fig. 9(b) shows the four-latch-based
waveform generator with schematic of the latch unit shown
in Fig. 9(d). By passing Q; and Q4 through the AND gate and
followed by the single-to-differential clock buffer, the com-
plementary phases ¢; and ¢; are generated [see Fig. 9(c)].
Fig. 10(a) and (b) shows the latch output waveforms (Q_4
and Qj_4), as well as the desired eight-phase waveform
of ¢_g, respectively.

In this work, the differential value of Cg ranges from 64 to
445 fF, digitally selected by 3-bit binary switches. Capacitors
Chi_p7 range from 0.6 to 8.5 pF differentially. Single unit

f3aB = (13)

Q1 T 1 1 "] 1 71—1 M
Q, — T i @, A | m
Q; — g R y DI g’s' m e TR
Q4 I 1 5 - O N m |
8 . ——  —— ot 3 o =
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Q, — — — @, —nm 1
Q, r — @ M m
(a) (b)
Fig. 10. (a) Eight-phase output waveform of internal latches. (b) Eight-phase

output waveform of the clock generator.

(MOM capacitor) is reused for both Cs and Cy to provide
good matching. With Cs = 0.2 pF and fos = 64 MHz,
the bandwidth can be programed from 0.3 to 3.2 MHz.

D. SAR-ADC

A 10-b SAR ADC is implemented in this work with a mar-
gin of 2 bits, and its simplified diagram is shown in Fig. 11(a).
The split binary-weighted capacitive DAC (apart from the LSB
capacitors Cy, which are not split) is utilized with a fringe-
capacitor-based unit of 1 fF. In order to obtain better linearity
and speed (low R,,), the input sampling switches are realized
with a bootstrap structure. The comparator is based on a simple
dynamic latch stage, while the SAR logic consists of only
TSPC flip-flops and gates. The output data stream Dy_g is
re-sampled by LSB compared-ready-signal (RDY) and fed into
the digital PI block as an input.

An anti-aliasing filter is typically indispensable for a
Nyquist ADC. An active filter would be conventionally
exploited for the anti-aliasing but at a cost of power drain
and the need for calibration [see Fig. 11(b)]. Reference [24]
presents a concept of integrating an FIR filter with a SAR
ADC to remove the active filter. In this work, as mentioned
earlier, a 128-MS/s IIR DT LPF is implemented with lower
complexity and delay compared with an FIR filter. Fig. 11(c)
shows the proposed anti-aliasing scheme. The DT-LPF filter is
chosen to operate at a higher sampling rate than the ADC due
to the consideration of reducing the clock delay (~8 ns for
128 MHz) into the PT-RX loop. As a result of the tradeoff
between power and delay, this SAR ADC is operating at
25 MHz (i.e., 10x faster than the total loop delay) with 25x
oversampling rate (for 1-Mb/s BLE). Along with an inherent
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Fig. 12. (a) Simplified schematic of DCO with its output buffer. (b) Vertical
integration of capacitor banks.

sinc function of DT LPF and also 25x oversampled ADC,
this RX omits the active filter, so as to achieve better power
efficiency without the performance sacrifices.

E. DCO

Fig. 12 shows a DCO with low 1/f% noise and with
vertically integrating all the area-hungry switched capacitor
banks and cross-coupled pair inside the transformer coils.
A version of this DCO was published in [25]. It uses the
supply voltage of 0.3 V and produces PN of —119 dBc/Hz
at 1-MHz offset. However, as studied in Section II, the PN
of the DCO only negligibly affects the sensitivity of the pro-
posed PT-RX. Therefore, rather than striving for an improved
PN performance at a cost of increased power consumption, this
work implements a 0.25-V DCO with PN of —114 dBc/Hz at
1-MHz offset.

A simplified schematic is shown in Fig. 12(a) with a
cross-coupled pair and 2:3 transformer. Compared with the
conventional 1:2 transformer in [1], this 2:3 transformer
achieves higher k, of 0.82, which provides enough gain
to afford the ULV operation. Fig. 12(b) shows the vertical
integration of those active devices used in the DCO.

IV. EXPERIMENTAL RESULTS

Fig. 13(a) shows the chip micrograph of the proposed
PT-RX that is fabricated in TSMC 28-nm LP CMOS
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Fig. 13. (a) Chip micrograph of the proposed type-II PT-RX. (b) Power
consumption budget of various blocks at the maximum gain.
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Fig. 14. Measured and simulated frequency response of DT LPF with various
bandwidths and sampling frequencies.

technology. The core area occupies 0.69 mm?. This chip is
aimed at the BLE standard; thus, it is measured in the 2.402—
2.480-GHz frequency band with 1-MHz channel spacing and
1-Mb/s symbol rate. The initial DCO frequency is set close
to the carrier frequency via SPI controlling the medium and
coarse banks of DCO [see Fig. 12(a)]. This way, a reasonable
residual frequency error between the DCO and carrier can be
tolerated due to the AFC capture range of 2.5 MHz.

Fig. 13(b) shows the power breakdown of the RX, which
consumes 1.5 mW in total at maximum gain. All the blocks are
supplied by 0.7 V, apart from the DCO (0.25 V) and RF front
end (0.3 V). The DCO and RF front-end draw the majority
(62%) of the budget in order to ensure good RX sensitivity.
The inverter-based TIA and G,-stage consume 23% of the
RX budget, so as to provide enough signal swing for the
ADC to digitize the phase error. Due to the well-known power
efficiency of the sw-cap circuitry, only 10% of the power goes
to mixed-signal blocks, including the seventh-order DT LPF
and 10-b SAR ADC, as well as to the digital PI controller.
Since the sidelobe energy is mitigated by the ADC compared
with the comparator-based type-I PT-RX, an aggressive digital
filter is not indispensable for the digital PI block, which helps
to reduce its power down to 56 u'W only.

The measured data points are superimposed on the simu-
lated TF of the DT LPF in Fig. 14 over various configurations
of history capacitor Cy and sampling frequency fs. It is
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evident that the obtained DT-LPF TF is precise due to the
PVT independent characteristic of sw-cap circuitry. Hence,
no calibration is needed there.

The proposed PT-RX meets the BLE specifications of both
interferer and blocker rejection. Fig. 15 shows ACR perfor-
mance. In the BLE’s physical layer specification, the ACR
performance requirement is defined at a frequency spacing of
1 MHz for a symbol rate of 1 Mb/s and at 2-MHz spacing
for 2 Mb/s. Therefore, in this work, the ACR performance
is measured at 0/41/42/43 MHz away from the desired
signal. Due to the ADC-based type-II solution (which provides
robust locking loop and improves the worsened sidelobe level),
compared with the prior-generation of PT-RXs [2], [3], our
ACR at the 1-MHz offset has an 8.5-dB improvement. At the
2-MHz offset, a 1-dB improvement of ACR is achieved
compared with [2] with similar power consumption and 1 dB
worse than [3] that consumes nearly 50% more power. For the
ACR of 3-MHz offset, this work is 4 dB better than [2] and
2.5 dB worse than [3]. For the co-channel and first channel
offset, it can tolerate 10 and 18 dB higher interferer than
the BLE specification, respectively. At 2 and 3 MHz away,
the performance is limited by the deterministic loop latency
and DCO pulling of direct conversion RX. Halving [9] or
doubling LO frequency could be a method of mitigating the
DCO pulling. Simply increasing the distance between the coils
of DCO and LNA (>600 um in [3]) is another way to address
this issue without an extra cost from the power-hungry divider
or DCO with higher oscillation frequency.

In Fig. 16, the out-of-band (OOB) rejection is measured
from 1 to 3.5 GHz with the desired signal at 2.44 GHz, and it
satisfies the requirements of the BLE standard with at least
15-dB margin. It also has a >10-dB advantage compared
with [2] at 2-2.5 GHz. For the far-out frequency band,
the proposed RX is saturated at up to 0 dBm. Reference [3]
has a higher saturation point on the low-frequency side due to
its higher supply (0.8 V) of the front end. At the upper end
frequency band, the OOB rejection of both works is similar.

In Fig. 17(a), the measured results of ADC output and
recovered symbol samples (OTW of DCO) are demonstrated
with a scenario of 128 consecutive “1” and then “0” bits as
input symbols. In addition, an HMO3054 oscilloscope is used
to observe the DT LPF’s output. Fig. 17(b) and (c) shows
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when the input data stream is 16 bits of “1”” and 16 bits of “0”
after the 8-bit preamble data “10101010”. The case with the
input symbols comprising 128 bits of consecutive “1” and “0”
is presented in Fig. 17(d) and (e). As mentioned earlier, this
PT-RX of type-II tracks the transitions between each symbol.
In particular, the positive rising part of the DT LPF’s output,
as shown in Fig. 17(c), represents a transition from symbol
“0” to “1”. On the other hand, when the symbol transitions
from “1” to “0”, a negative falling part can be observed at
the output of DT LPF. After the transition, the observed phase
error (@ppr in Fig. 1), as expected, returns to O in Fig. 17,
and the type-II loop is locked robustly.

Fig. 18(a) demonstrates the measured S;; across various
configurations. The 3-bit binary switches for both Cgs and Cpyg
cover the BLE frequency band and PVT variations. The solid
and dashed circle lines present the programmability of C,s and
Cpag, respectively.

Fig. 18(b) demonstrates the measured NF and RX gain
across the supply voltage of the RF front-end. As expected,
the RX gain proportionately follows the supply voltage
because g,, is proportional to the supply. With the supply
ranging from 0.25 to 0.35 V, there is a 2.5-dB increment in
the RX open-loop gain. Across two different chips, both RX
gain and NF vary less than 0.8 dB at each supply level.

Fig. 18(c) shows the plots of the bit error rate (BER) of
a GFSK-modulated pseudorandom data across the RF input
power. The RF input level of —93 dBm corresponds to the
BER of 0.1% (i.e., the standard Bluetooth requirement).

For the PN measurements in Fig. 19, the PT-RX is config-
ured in open loop. The free-running DCO consumes 487 W
at 0.25 V. The PN referred to a 2.48-GHz carrier is —91 and
—114 dBc/Hz at 100-kHz and 1-MHz offsets, respectively. The
1/f3 corner is measured as 180 kHz.

Table I summarizes the PT-RX performance and compares it
with state-of-the-art ULP RXs operating in the 2.4-GHz ISM
band. A figure of merit (FoM) for low-power RX was defined
in [26] as

FoM = —Sgx — 101log 10(Prx/R) (14)

where Sgrx and Prx stand for the sensitivity and dc power
of RX, respectively. R represents the symbol rate. However,
the DBB power was not included in [26] for FoM, which is an
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TABLE 1
PERFORMANCE SUMMARY AND COMPARISON WITH STATE-OF-THE-ART ULP RXS
This work ISSCC'17 [2] 1ISSCC'18 [3] 1ISSCC'18 [7] JSSC'7 [1] 2018'IMS [20] | ESSCIRC'6 [27]| JSSC'15 [5]

Technology 28nm 40nm 40nm 65nm 28nm 28nm 40nm 55nm
Supply voltage 0.25~0.7V 0.85V 0.8V 1V 1V 0.275V v 0.9~3.3V

Standards BLE HS-OQPSK BLE BT5 BLE BLE BLE BLE BLE
Symbol rate 1Mbps 2Mbps 1Mbps 2Mbps 1Mbps 1Mbps 1Mbps 1Mbps 1Mbps

Discrete-time Discrete-time -

. DT zero-IF type-ll] Analog zero-IF g g ] Analog low-IF . X : . Analog sliding-IF | Analog low-IF
Architecture PT-RX type-l PT-RX Analog zero-IF type-l PT-RX hybrid-loop RX hlgh-IFR?;mesmn h|gh—IFF§;rteS|an Cartesian RX Cartesian RX
Run-Length

F 7 I 7 I F F Fi F Fi
Symbol Limitation ree up to 7 symbols up to 7 symbols ree ree ree ree ree
NF 6.3dB 6dB 5.9dB N.A 6.5dB 7.9dB N.A N.A
Image rejection No image No image No image 42dB 32dB 35dB No image
ACR(0/1%Y2"3"y##*] -11/3.5/17/27dB |-10/N.A/16/23dB | -10/-5/18/30dB |-10/-5/17/29.5dB |N.A/N.A/31/36dB N.A N.A >N.A/N.A/17/27dB N.A
Area 0.69mm? 0.3mm? 0.8mm?# 1.64mm%# 1.9mm?# N.A 1.6mm?# 2.9mm?
Sensitivity -93dBm* -87dBm* -95dBm* -92dBm* -94dBm** -95dBm** -85dBm** -93dBm** -94dBm
Power of RX 1.5mW 1.55mW 2.3mW 2.9mW 2.3mW 2.75mW TmwW 5.6mW 11mW
Power of RX DBB 0.1mW"* 0.74mW"™" 0.74mW 1.1mwW 0.3mwW 0.3mW*" 0.3mW*™ 0.6mwW 0.3mwW**
FOMsey (w/i DBB) 181dB 173dB 180dB 179dB 180dB 180dB 174dB 175dB 173dB
#Whole transceiver area; *In the BLE Si lard, ACR perf is defined at a TMHz fi Y SF for 1Mbps and at a freq Y SF of 2MHz sp g for 2Mbps.
* Assumed based on power of Pl troller and ing ge filter; A based on the cutteing-edge Cartesian RX; ***Assumed based on its follow-up work.
*Based on BER; ** Based on PER.

essential part in transceivers. Therefore, the FoM is re-defined FoM among the listed RXs. Compared with the conventional
with Prx < Prx+ppp in order to account for the DBB
contribution. Our PT-RX achieves the best BLE sensitivity

analog-intensive ULP RXs [5],

[27], this work burns ~4x

less power at similar sensitivity. Compared with the DT-RX
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Fig. 19. Measured PN of DCO at 0.25-V supply using Keysight E5052B
Signal Source Analyzer.

in [1], the power budget reduces nearly 50% due to the
single-path architecture. Reference [20] operates at 0.275 V
via an external voltage doubler and achieves 1-mW power
consumption but with a 7-dB degradation of FoM compared
with our work. Reference [7] has better selectivity due to an
enhanced dynamic range of DPLL-based ADC by means of
a feedback DAC. However, this is at a cost of more than
two-thirds of extra power. Besides, it suffers from image issues
and vulnerability to RF carrier-frequency offset.

The proposed RX reduces power consumption by nearly
50% compared with the prior-generation PT-RX in [3] and
does it without dramatically degrading its sensitivity or inter-
ferer rejection as in [2]. The DBB circuitry in this chip can be
simplified due to the presence of ULP SAR-ADC, in contrast
to the type-I PT-RXs in [2] and [3], which only employs
a 1-bit comparator. In the measurements, an off-chip digital
control block, which is identical to the on-chip PI controller
consuming only 56 W, and a moving-average filter with a
window size of up to 24 as a post-processing filter are applied
for symbol recovery. Most significantly, unlike other type-I
PT-RXs in [2] and [3] not supporting consecutive symbols
or locking unstably, the proposed type-II PT-RX solves these
issues fundamentally.

V. CONCLUSION

The current PT-RXs feature low power consumption and
low occupied area but suffer from two main issues of their
type-I configuration: 1) degraded stability of the locking loop
and 2) constrained data pattern. This article proposes a new
type-II PT-RX to address them architecturally. A multi-level
ADC is employed to provide the necessary stable locking state
so that a digital integrator can zero out the residual phase
error. Furthermore, the worsened DCO sidelobe issue in the
prior art is also mitigated by the ADC. As a result, the new
PT-RX maintains good ACR performance while achieving the
best-in-class sensitivity FoM of 181 dB due to the avoidance
of power-hungry blocks (i.e., RF frequency synthesizer and
hybrid-loop filter) with a type-II loop configuration.
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