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Abstract— This paper describes an ultra-low-voltage Bluetooth
low-energy (BLE) receiver (RX) front end with an on-chip
micropower manager (uPM) to customize the internal voltage
domains. It aims at direct powering by the sub-0.5-V energy-
harvesting sources like the on-body thermoelectric, eliminating
the loss and cost of the interim dc—dc converters. Specifically,
the RX incorporates: 1) a two-stage power-gating low-noise
amplifier with fully on-chip input-impedance matching and
passive gain boosting reducing both the active and sleep power;
2) a class-D voltage-controlled oscillator (VCO) in parallel with a
class-C starter to secure a fast startup; and 3) a uPM using ring-
VCO-locked charge pumps and bandgap references to withstand
the supply-voltage variation (0.18-0.3 V). Fabricated in 28-nm
CMOS, the RX operates down to a 0.18-V supply, while exhibiting
11.3-dB NF and —12.5-dBm out-of-band IIP3. The VCO shows
< —113 dBc/Hz phase noise at 2.5-MHz offset. The active and
sleep power are 382 uW and 1.33 nW, respectively.

Index Terms— Bandgap reference (BGR), Bluetooth low energy
(BLE), charge pump (CP), class-D voltage-controlled oscillator
(VCO), CMOS, energy harvesting, low-noise amplifier (LNA),
micropower manager (uPM), power-gating, receiver (RX), ultra-
low power (ULP), ultra-low voltage (ULV).

I. INTRODUCTION

OR true mobility of Internet-of-Things (IoT) products, the

relaxed specifications of Bluetooth low energy (BLE) [1]
are in favor of direct powering by ambient energies, freeing
the cost of routine battery replacement. Energy sources like the
on-body thermoelectric [2] are promising, providing a power-
generation density of ~50 xW/cm?, and a relatively stable
output power comparing to other types of energy harvesters
such as vibration. The key challenge hindering its utility is
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Fig. 1. (a) Conventional energy-harvesting topology. (b) Codesign between
our proposed energy-harvesting topology and ULV RF circuits, where a uPM
can provide the critical biases and support the standard voltage BB circuits.

the deeply low and inconstant output voltage (50-300 mV) [3].
The energy harvester is typically followed by one or more dc—
dc converter(s) for maximum power extraction and regulation
as depicted in Fig. 1(a) [3]. Yet, the conversion efficiency (7)
of most dc—dc converters is limited to 40%-75% [4], while
entailing external bulky inductors and capacitors. Another
issue is related to the voltage-boosting factor that has to
sacrifice the output current, as shown in Fig. 1(a), where
Isource = ILoapXx voltage-boosting factor x1/#. If the
voltage-boosting factor is 5 (0.2 V — 1 V) and = 75%
for the dc—dc converter, only 15% of Isource finally goes as
ILoAD.

Current-reuse receivers (RXs) are getting popular for ultra-
low-power (ULP) radios. Transistor stacking in sub-1-V
CMOS technologies, regrettably, reduces both the voltage
headroom and block-to-block isolation. In [5], merging the
voltage-controlled oscillator (VCO) with the low-noise ampli-
fier (LNA) and mixers allows significant power savings, but
the VCO may be pulled by the RF blockers, and the noises
of the RX path and LO path (VCO) will cross-affect each
other. Although the VCO pulling and noise crosstalk can be
prevented by separately powering the current-reuse RX path
and LO path [6], the cost and power loss of the extra dc-dc
converter are unneglectable.
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Alternatively, the sub-0.5-V energy-harvesting sources favor
the use of an ultra-low-voltage (ULV) supply to build an
ULP radio. In [7], the supply voltage (Vpp) is minimized to
0.3 V by extensively applying inductor-based RF circuits to
maximize the voltage headroom, and forward-body-biasing to
reduce the transistor’s threshold voltage (Vry) while raising
their instrinic fr. Yet, the tradeoff is a substantial increase
of the transistor’s leakage current (e.g., Fig. 2(b) [7]), that is
unbearable for low-duty-cycle IoT applications [8] since the
BLE RX stays mostly (~99%) in the sleep mode.

The presented RX [9] innovates an on-chip microp-
ower manager (uPM) to enable ULV and ULP operations
[Fig. 1(b)]. The RF circuits (LNA and VCO) are ULV-enabled
to directly draw dc current (I/Lpoapi) from the energy-
harvesting source (VL oap1), avoiding any interim power con-
verters. VLoap] can be stabilized by a thin-film low-voltage
supercapacitor [10], which also serves as the energy reservoir.
Its capacitance is subject to the required duty-cycle ratio.
Only the ULP baseband (BB) circuits entail a higher standard
voltage (VLoap2) that can be customized via the uPM-RX
codesign. Keeping I poap2 in the level of hundreds of uA
benefits the design of the xPM, as it can be built by fully
on-chip switched-capacitor charge pumps (CPs) for voltage
boosting (i.e., no external bulky inductors or capacitors). Also,
since most RF performances such as noise figure (NF), small-
signal gain, and input-impedance matching are related to the
supply current rather than the supply voltage, ULP Bandgap
references (BGRs) can be incorporated in the ©PM to bias
the RF circuits against process-voltage-temperature (PVT)
variations. The tolerability of RF blockers can be addressed via
properly designing the LNA with gain control according the
sensitivity target. Other key features of the uPM are capable
of self-startup down to 0.15 V, and regulated output voltages
against supply-voltage variation to reduce the excessive power.

This paper is organized as follows. Section II overviews the
RX system architecture. The 4PM is detailed in Section III,
followed by the designs of the VCO and RX-path building
blocks in Sections IV and V, respectively. Section VI summa-
rizes and discusses the measurement results, and finally the
conclusions are drawn in Section VII.

II. SYSTEM OVERVIEW

The presented ULV RX front-end (Fig. 2) is headed by
a single-ended LNA with on-chip input-impedance matching.
It is followed by a passive RC—CR network for I/Q generation
(Vif1, Vitg), and four passive mixers for frequency down-
conversion and single-to-differential conversion. The local
oscillator (LO) signals are the differential outputs (Vioge+)
of a switching-type Class-D VCO [11] that features output-
swing enhancement to improve the mixer’s NF and conversion
gain, while preventing the need of power-hungry LO buffers.
The obtained four-phase BB signals (I/Q and differential) are
then amplified by four BB transimpedance amplifiers (TIAs),
and finally buffered off-chip for 50-Q measurements (Vou, 1+,
Vout,@+). The noncascode inductor-based LNA and VCO are
ULV-enabled to operate against an uncertain energy-harvesting
voltage (Vpp,gn =~ 0.15-0.30 V). The critical biases of the
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Fig. 2. System overview of the proposed ULV RX front end with an on-
chip #PM to customize the internal supply and biases. The power-hungry
LNA and VCO are ULV design to directly draw current from Vpp gH. ViL
is for injection locking the VCO during the RX measurements as there is no
PLL.

LNA (VG,1na) and mixers (Vg mix), as well as the internal
supply (Vpp,inT) of the BB TIAs, are generated by the uPM.
Inside the «PM, there are three CPs (CPj > 3) and two BGRs
that will be detailed in Section III. CP; is designed to offer
a ~0.9-V supply, with a small current budget, for BGR; that
generates Vg 1na and Vg mix, securing the robustness of the
LNA and mixers against PVT variations. BGR; inherently
rejects the output ripple of CP;. For CP», it is designed to
generate a ~450-mV Vpp,nT, with a relatively higher current
budget (~100 ©A), to power up the four BB TIAs, and bias the
Class-C starter of the VCO to be detailed in Section IV. CP;
features a set of interleaved clocks for output-ripple reduction,
minimizing such ripple noise from corrupting the BB TIAs.
CP3 is a free-running design to secure a fast self-startup.
It activates BGR, to generate an essential reference voltage
(Vief,pm) for the feedback control of CPj»; both feature a
ring-VCO-locked loop to regulate their outputs (Vpp,pm1 and
Vpp,INT) against Vpp gn variation.

In the sleep mode, high-Vry (HVT) power-gating NMOS
transistors (Mj_3) are incorporated for sleep-current suppres-
sion of the uPM, BB TIAs, and VCO. The LNA features a
self-shutdown mechanism to avoid NF and linearity penalties
due to the extra power-gating switches, to be detailed in
Section V.

III. MICROPOWER MANAGER (uPM)

The uPM aims to withstand a Vpppgn range from
0.15 to 0.3 V. The total power budget is ~100 W, and the
design details of CPj_3 are presented next.

A. CP1_3 Driven by Bootstrapped Ring-VCO (BTRO)

The aimed Vpp gx is as low as 0.15 V, while the standard
analog blocks like the BGRs should operate at a voltage
of ~0.9 V. Thus, CP; is designed with a 10x conversion
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Fig. 3. (a) Ring-VCO-locked CPI. (b) Ring-VCO-locked CP2. (c) Free-
running CP3 for self-startup. (d) Schematic of each CP element. The sketched
swing of Outd,cp is in the ideal case.

ratio using three sub-cells in series [Fig. 3(a)]. The six-
phase clocks are generated by a three-stage differential boot-
strapped ring-VCO (BTRO). Ideally, CP; delivers Vpp pm1 =
Vop,En+3VpDp.EH + 3VDD.EH + 3VDD,EH = 10VDD EH, that
is 1.5 V at Vpp g = 0.15 V. Vpp pmi1 from CP; powers up
BGR; that offers the gate biases of the LNA (Vg 1na) and
mixers (Vg,MIx)-

Since the BB TIAs require a minimum 0.45-V Vpp INT
with a 100-uA current budget, CP; is designed with a 4x
conversion ratio: Vpp,iINT = Vpp,eH+3VDD,EH = 4VDD,EH.
There are five sub-cells in parallel to enhance the output
current, as shown in Fig. 3(b). The 10-phase clocks are the
intrinsic outputs of a five-stage differential BTRO without
extra buffering. Vpp,pm2 from CP3 [Fig. 3(c)] powers up both
BGR; to generate Vierpm, and the error amplifiers (Aj))
used for the feedback control, as shown in Fig. 3(a) and (b).
CP; utilizes a free-running ring-VCO for self-startup. The
cascode diodes at Vpp,pm1 and Vpp pm2 are used to limit the
maximum voltage below 1.4 V for overvoltage protection, and
the BGRs use the 1.8-V-thick-oxide transistors to ensure the
device reliability for the input supply range. The smoothing
capacitors (Cpgj—3) aid output-ripple reduction.

The CP elements of CP{_3 are the same as that shown in
Fig. 3(d), using a cross-coupled structure to boost the input
voltage (Vpp,gn) targeting a value as low as 0.15 V, with
the device size computationally optimized for a maximum
power conversion efficiency (PCE). The three- and five-stage
differential BTROs are detailed in Fig. 4. The single-ended
BTRO has been reported in [12], whereas the employed BTRO
is based on differential bootstrapped inverters [13] that can
ideally offer a clock swing up to 3 x Vppgn to drive up
the CP elements. In practice, due to the conduction loss of
the transistors and voltage drop on the boosting capacitors
(Cp) caused by the loading current, the clock swing is only
~2.3 xVpp,gH = 0.35 Vpp(simulation) in the employed 28-nm
CMOS process, but is still adequate to operate the CP elements
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elements using D2.

in the range of tens of MHz (~20 MHz at 0.15-V Vpp gH).
Also, unlike the single-ended BTRO counterpart, Mjp and M,
here can be driven more synchronically by In+, instead of
Out+, to reduce the power loss due to reverse current. The
BTRO'’s outputs can also be separately out via the inverters D
and D», to reduce the dependence of the oscillation frequency
on the load drivability. The BTRO is designed with low-
threshold-voltage (Vty ~ 260 mV) transistors. During the
startup, the inverters inside each BTRO work in the sub-
threshold region, but could ensure a loop gain of ~12 dB at 0°
phase shift to ensure oscillation. The signal swing, when enter-
ing the steady state, will be boosted to 3 x Vpp,gu(—Vbp.EH
to 2 Vpp,gH), and the transistors will be driven into the triode
region with the boosted swing to reduce the conduction loss.

The optimization of CPj_3 is based on simple resistive
loads (Ry) in simulation. CPj > 3 are optimized at Vpp,gn =
0.15 V.CP; has the same circuit parameters as CP3 excluding
the feedback loop. Ry of CPy is 500 kQ to model the power
consumption of BGR; and resistors in the voltage divider.
Rp of CP; is 4.5 kQ to model the power consumption of
the BB TIAs (~45 ¢W). With a 2.5-pF MOM capacitor Cp,
a 41% PCE is obtained for CPy 3, and Vpp pmi,2 is 1.11 V.
For CP,, Cp, = 15 pF and Vpp Nt = 0.48 V lead to a 49%
PCE, with the power consumption of the feedback circuits of
CP > excluded from the PCE calculation. Although the PCE
of CPj 3 is lower than that of CP,, the power consumption of
CP;3 is only ~5.93 uW, that is much smaller than that
of CP2(~96 uW). Hence, the PCE of the whole uPM is
dominated by CP;.

B. Ring-VCO-Locked Loop for Voltage Regulation

To tolerate an uncertain Vpp gx, CPj2 are rounded by a
ring-VCO-locked loop to regulate Vpp pmi and Vpp int, and
reduce the excessive power when Vpp gx goes unnecessarily
high. Especially for the BB TIAs (inverter-like amplifiers),
their dc currents will raise nonlinearly with Vpp int. To sur-
mount it, Aj (Az) are added to sense Vpp,pmi (Vbp,iNT) and
return the control signal via the current source M4 (Ms) for
voltage regulation, as shown in Fig. 3(a) and (b). From PVT
simulations, the feedback loop continues functioning when
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Fig. 5. Performances of CP1 (left) and CP2 (right) versus Vpp gy with and
without feedback control. (a) Output voltage. (b) Power consumption.

Vbp,EH is down to 0.15 V. Considering the tradeoff between
the stability and settling time of the two feedback loops,
the compensation capacitors C. in Fig. 3(a) and (b) are set
at 3 pF. A > have a simulated open loop gain of 35 dB, while
consuming 0.27 uW.

The simulated output voltage and power consumption
of CPy, » versus Vpppgn with and without the feed-
back control are compared in Fig. 5(a) and (b), respec-
tively. The variation of output voltage against Vpppgn IS
AVpp,pm1(AVpp,INT)/ A Vpp,EH. With the feedback control,
Vpp,pm1 is clipped to ~1.03 V for Vppgu = 0.15-0.3 V,
corresponding to a sensitivity of 0.11 V/V. Vpp nt is bounded
to ~0.53 V, but with a higher sensitivity of 0.45 V/V (due to
the low output voltage at 0.15 V). Both results are considerable
improved when comparing with no feedback, i.e., 10.2 V/V for
Vpp,pmi1 and 4.06 V/V for Vpp, int. Similarly, with feedback
control, the power consumption of CP; (CP;) only mildly
increases from 5.93 to 11.2 uW (96-184 W) with the rising
of Vpp,gn. Otherwise, it will jump to 196 W for CPy and
2.3 mW for CP,. From Fig. 5(b), we can derive that the
total power consumption of CP; and CP» is controlled to be
195 uW at Vppen = 0.3 V, saving the excessive power by
~11.8x against no feedback.

C. Output-Ripple Reduction of CPy and CP>

With Cpg; = 6 pF for CPy, the simulated maximum output
ripple of Vpp,pm1 versus Vpp,gn is reduced to 3.44 mV when
Vbp,EH increases. The ripple frequency is 2x of the BTRO’s
frequency (~40 MHz) at Vpp gy = 0.15 V. The simulated
supply rejection of the BGR| > is 35 dB at dc, and 9.5 dB at
40 MHz. Thus, the maximum ripple of Vg 1na and Vg mix
can be reduced to 1.13 mV.

In order to reduce the ripple of Vpp nt while not using
a large Cpgz, CP> can benefit from interleaved clocks. With
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10-phase clocks equally distributed to the five sub-cells of
CP», the output ripple is ideally reduced by 5x against two-
phase clocks [14]-[16]. Thus, the interleaved clocks benefit
the die area. The simulated maximum ripple of Vpp Nt
is <0.77 mVy, at an affordable Cpgx of 18.9 pF, which
contributes to the overall NF degradation by <1 dB at the
RX’s differential BB outputs.

IV. ULV CLASS-D VCO WITH A CLASS-C STARTER

To maximize the power efficiency it is preferable that the
VCO works directly at Vpp gn. Since the outputs of the VCO
will directly drive the mixers without any additional buffers,
a large VCO output swing is favored to improve the RX NF
and conversion gain. Here, a switching-type class-D topology
(Fig. 6) is chosen since it ideally can generate an output
swing close to ~3 xVpp,pu by enlarging the cross-coupled
transistors, and removing the current-biased circuitry of the
conventional class-B VCO, which renders it suitable for ULV
operation [11]. On the other hand, the oscillation frequency of
the class-D VCO is sensitive to the supply pushing at an ULV
Vbp,EH. Since the speed of supply variation caused by the
enviroment change is quite slow when powered by an energy-
harvesting source, a phase-locked loop (PLL) with a typical
loop bandwidth of several hundreds of kHz should be fast
enough to stabilize the VCO frequency when receiving the
data.

Yet, the cross-coupled transistors may not offer adequate
negative transconductance at ULV Vpp gy in the presence of
PVT variations, which would cause the VCO to fail to startup.
Even using a large-size (400 ¢m/28 nm) low-Vr device for
Mp, the simulated small-signal g,, is below the startup criteria
when T < —10 °C at slow corner and Vppgu = 0.18 V
[Fig. 7(a)]. To surmount this issue, a class-C starter (Fig. 6)
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temperature of —40 ° C. (Vpp gy = 0.18 V).

is added in parallel with the class-D core. A dynamic bias
voltage Vpg ensures a robust startup. Vps is generated by
inverting Vcp which is the output of a passive CP continuously
sensing the VCO outputs: Voge+. When the VCO is starting
up, Vcp & 0 V, and Vs is pulled to Vpp,nT provided
by CP,. During the startup, the class-C starter is biased at
a voltage of ~0.45 V higher than the Vrg of Mp. Thus,
it can deliver a large negative transconductance in presence
of PVT variations using Mc with a smaller transistor size:
(W/L)me = (W/L)mp/25. When oscillation has been built
up, the large-signal transconductance of the class-D core is
sufficient to sustain the oscillation, so that the class-C starter
can be turned off to reduce the power consumption and prevent
the phase noise degradation. This is done automatically since
the passive CP would charge Vcpto Vpp,gH + Vosc,pp, Which
pulls Vgs to ground. As shown in Fig. 7(b), at T = —40 °C and
slow corner, the VCO starts up within 45 ns and the average
gm (~4.5 mS) of Mp during stable oscillation well exceeds
the startup criteria. The output swing slightly decreases by
19 mV after the class-C starter is completely turned off.
At T = 27 °C and typical corner, the simulated startup time
VCO is 25 ns. After the class-C starter is completely turned
off, the VCO power is significantly reduced by 2.3x from
330 to 145 W while the phase noise at 2.5-MHz offset is
improved by 3.3 dB. The simulated output swing is 0.35 to
0.63 Vpp for Vpp gn = 0.18-0.3 V, which is lower than 3 x
Vbp,EH since the additional losses introduced by the switches
become large when Vpp gn is lower than the threshold voltage
of Mp (~0.3 V).

To achieve low-power consumption, a large inductance
value is preferable. Here a three-turn inductor has been chosen
to realize an inductance of 4.49 nH while still keeping a high Q
of ~20. Besides, for explicit power down and sleep-current
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control, a tail switch is added for power gating. The control
voltage of the switched-capacitor array for frequency tuning
is provided by Vpp,nt from CP, drawing a neglectable dc
current. The injection-lock port (V1) is for RX testing, similar
to [7].

V. ULV RECEIVER (RX) PATH

The RX path mainly consists of an LNA, a passive I/Q
generator, four passive mixers and four BB TIAs as detailed
next.

A. ULV Two-Stage Power-Gating LNA

As shown in Fig. 8(a), the single-ended single-
transistor (M) LNA features an on-chip transformer (T) for
input-impedance matching and passive gain boosting between
M;’s source and gate terminals [17]. Both the primary and
secondary coils of T; have an inductance of ~5.4 nH, and
a low Q factor of ~5.6. They are reversely-coupled with a
coupling factor of 0.86. From simulations at Vpp gq = 0.18 V,
the dc current of the LNA’s first stage can be reduced from
2.1 mA (without Ty) to 612 puA (with Ty) for a similar
voltage gain and input-matching quality. ULV operation
mainly challenges the large-signal linearity of the LNA.
To balance the NF and linearity performances, the LNA’s
first stage is loaded with a low-Q LC tank (L;C;) to provide
a just-reasonable gain of ~14 dB. The LNA’s second stage is
designed to drive a capacitive load of 723 fF from the 1/Q
generator + passive mixers, and thus it only provides a 2-dB
gain with a current consumption of 510 yA. Both M » are
sized with a long-channel length (180 nm), and biased with
an adequate overdrive (Vgs — Vrg &~ 110 mV) to balance
the linearity, gain and sleep current of the LNA [18]. The
simulated IIP3 and NF of the overall LNA is —17.4 dBm, and
9.84 dB, respectively, before considering the noise injected
by the uPM. Moreover, M|, are HVT devices to suppress
their sleep currents that simulate 0.55 nA in the sleep mode,
against 0.23 uA in low-Vr devices. The LNA’s blocker
tolerability is limited at the output node of its second stage,
which can be improved by introducing gain control while not
affecting the input-impedance matching. It is preferred for
BLE since the reference signal level is relaxed to —67 dBm
under blocker performance measurement [19].
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Fig. 10. Chip photograph of the ULV RX fabricated in 28-nm CMOS.

The current reference (1) of the bias circuit is shown in
Fig. 8(b). The current mirror has a supply voltage (Vpp,pm1)
of ~0.9 V generated by CPy, thus it can provide a ~580-mV
bias voltage (Vi,1na) for the HVT devices, while ensuring
an adequate overdrive voltage. A low-pass filter, R, (1 MQ)
and Cp (40 pF), is added to prevent the xPM from injecting
noise into the LNA. My 2p are series connected to reduce the
required [, to 700 nA. To assess the robustness, we carried
out 100-run Monte Carlo simulations on process variations.
The dc current of the LNA varies <3%.

The bias circuit of the LNA has a self-shutdown mechanism.
A 160/60 nm device, M3p, is added with its gate tied to
the ground as a ~60-MQ MOS resistor. The resistance of
Msy, is large compared to the diode-connected Mi, and Mjp
at a high voltage, thus not affecting the generated Vg 1na
in the active mode. In the sleep mode, when the uPM is
switched off, the impedance of the diode-connected Miy—_2p
and BGR is large, thus the impedance of M3y becomes
relatively low pulling Vg na to ground. From simulations,
VG,1NA 1s reduced from 160.6 to 3.3 mV via Mj3p, reducing
the leakage current from 9.13 to 0.55 nA at Vpp gy = 0.18 V.
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B. Passive I/Q Generator, Passive Mixers, and BB TIAs

The I/Q generator is an RC—CR network and the mixers
are NMOS switches (Fig. 9). The 1/Q generator realized in
the RF path maximizes the LO swing at Mpx given by the
VCO (Vosex &~ 0.35V}p). With Ry =256 Q and Cy = 260 {F,
the simulated insertion loss is < 7 dB. R is implemented as
two parallel-connected resistors to enhance the I/Q accuracy
against process mismatches. We carried 100-run Monte Carlo
simulations on process variations, showing a worst image-
rejection ratio (IRR) of 25 dB, which is adequate for either
zero-IF or low-IF reception for the BLE standard.

The passive mixers are biased at 450 mV via BGR» balanc-
ing the RX NF and conversion gain. The four passive mixers
convert the I/Q RF signals into four BB 1I/Q differential signals
for the BB TIAs.

Each BB TIA is an inverter-like amplifier with RC feedback
(R: 23 kQ; C: 1.37 pF), consuming a simulated current
of 25 uA at a 0.46-V Vpp,nt. The TIA’s transistors are
relatively large (NMOS: 375/10 gm and PMOS: 1020/10 gm)
to suppress their flicker noise for 0.5 MHz-IF downconversion.
The TIA exhibits a simulated gain of 22.6 dB and bandwidth
of 0.5 MHz. It shows a 22.5-dB rejection at 5-MHz offset for
channel selection. The simulated input 1-dB gain compression
of the TIA at 2-MHz offset is —7.8 dBm. Two capacitors
have been added at the input (4 pF) and output (20 pF) of
the TIA to add two more real poles. They effectively suppress
the 2xLO feedthrough component while aiding partially the
channel selection. The common-mode noise injected by CP;
is further suppressed at the BB TIA’s differential outputs.
To meet the BLE channel-selection specification, sub-0.5-mW
BB filters similar to [5] or [22] should be added; the supply
voltage can be provided by a CP similar to the architecture
as shown in Fig. 3. With it, a low-power low-dynamic-range
ADC is also expected for digitization.

VI. MEASUREMENT RESULTS

The ULV RX prototyped in 28-nm CMOS (Fig. 10) occu-
pies an active area of 1.65 mm?. The strict density rules
are fulfilled. The measurements were conducted in a three-
step approach: from the stand-alone xPM and VCO to the
complete RX. The latter is aided by an external signal source
to injection-lock the VCO, similar to [7], as there is no PLL
in this prototype. We measured the startup characteristic of
the uPM with the Tektronix MDO3024 Oscilloscope termi-
nated with a 10-MQ probe. The VCO and complete RX are
measured with the Keysight 9030A PXA Signal Analyzer. The
I/Q differential BB outputs are converted to single-ended via
off-chip transformers crucial here to reject the common-mode
noises. Vpp,gx is given by a typical power supply sweeping
from 0.18 to 0.3 V to balance the overall performances.

A. Stand-Alone uPM

Fig. 11(a) plots the outputs of the uPM at Vppgu =
0.18 V with an external enable signal (EN, in Fig. 2). The
startup time is ~200 us that can be overlapped with the fast
startup time (~50-400 us) of the state-of-the-art BLE crystal
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oscillator [20], [21]. Thus, the agility of the RX in launching
a connection should not be affected. The voltages ramp up
rapidly in ~50 us while they take ~150 us to stabilize. Thus,
the startup time is dominated by the feedback control loop in
CPj . Fig. 11(b) shows the voltage variation over Vpp gH
from 0.156 to 0.3 V. The variations of Vg na and Vpp,INT
are controlled to be 0.18% and 12%, respectively, saving the
excessive power. Vpp,pmi1 and Vpp Nt increase with Vier pm
mainly due to the increased voltage drop on the tail switch
M; (see Fig. 2) at a high Vpp gn.

Fig. 12 shows the power consumption and leakage power
of the uPM. Comparing Fig. 12 with Fig. 5(b), the power
consumption goes up along with Vpp gy which is mainly due
to the free-running CP3. The power of BTRO in CP3 also
raises significantly with Vpp gn, while the leakage power is
nearly proportional to Vpp, gH.

B. Stand-Alone VCO

Fig. 13(a)-(c) summarizes the phase noises of the free-
running VCO at 2.3 and 2.6 GHz under different Vpp, gH.
The worst phase noise is —113 dBc/Hz at 2.5-MHz offset
at the 2.3 GHz [Fig. 13(c)], still fulfilling the BLE standard.
The VCO output power, including the loss of the test buffer
[Fig. 13(d)] increases from —19 to —13 dBm when Vpp gn
goes up from 0.18 to 0.3 V. The frequency tuning range is
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13.3% [Fig. 14(a)], and Fig. 14(b) plots the supply pulling
versus Vpp,gn. On the other hand, Fig. 15 exhibits the
active and sleep powers versus Vpp gn. The lowest active
power is 153 uW and the leakage power is 0.45 nW,
at Vpp,gn = 0.18 V.

C. Complete RX

The VCO is injection locked to an external RF source for a
stable RX NF measurement [7]. It is achieved by injecting
a 2xLO frequency signal at the common-mode node Vi.
The input-impedance matching of the LNA [Fig. 16(a)] shows
a 100-MHz matching bandwidth with small variation as
Vpp,En changes. Yet, the matching bandwidth is upshifted by
~50 MHz from the 2.4-GHz ISM band, which is likely due
to the inaccuracy of the transformer modeling. The RF-to-BB
quadrature gain is 34.5 dB at 0.18 V, and up to 41.3 dB at
0.3 V [Fig. 16(b)]. The RF-to-BB gain increases mainly due
to the enlarged Vpp,inT of the BB TIAs from CP;, since the
TIAs are self-biased.

Fig. 16(c) illustrates the double sideband (DSB) NF and
out-of-band IIP3. A DSB NF of 11.3 dB is achieved at
1 MHz IF at Vpp,gu =0.18 V. It is improved to 8.8 dB when
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TABLE I
COMPARISON WITH THE STATE-OF-THE-ART ULP RXS (PLL Is NOT INCLUDED)
JSSC'15 [5] JSSC'13 [7] JSSC™14 [6]
This Work .
[A. Selvakumar, et al.] [F. Zhang, et al.] [Z. Lin, et al.]
Applications 2.4GHz BLE 2.4GHz BLE 2.4GHz Non-Standard | 2.4GHz ZigBee
Kev Architecture & Power-Gating LNA + ULV Current-Reuse Transformer-Coupling | Current Reuse
Cir¥:uit Techniques Class-D VCO + Passive I/Q Quadrature-LNA- LNA and VCO + RF-to-BB Cell +
q Gen. + Micro-Power Manager Mixer-VCO Cell IF N-Path Filter VCO & DIV-by-4
External Matching Zero 1 inductor + 1 cap. 1 inductor + 2 caps. zero
Supply Voltage (V) 0.18 0.3 0.8 0.3 06&1.2
Active Power (uW) 382 1305 600 1600 2700
Sleep Power (nW) 1.33 3.32 N/A N/A N/A
NF (dB) 11.3 8.8 15.1t015.8 6.1 9
VCO Phase Noi -113 to -115.5 | -116.6 to -118.9
ase Noise @ 2.5 MHz @ 2.5 MHz . R
(dBc/Hz) @ Offset 109 @ 2.5 MHz 112.8 @ 1 MHz N/A
[BLE spec: -102 @ 2.5 MHz] 2
-of- -12.5 +4.8
Out-of-Band IP3 | 15.810-16.8 215 5
(dBm) [BLE Spec: -30] 2
IRR (dB) 2.2 ‘ 251 30.5t037.3 N/A (no 1/Q) 28
[BLE Spec: 21]2
Voltage Gain (dB) 345 ‘ 413 55.5t0 56.1 83 55
BB Style With 1/1Q With I/Q Without I/Q With I/Q
BB Filtering 3 real poles 3 2 complex poles 2 N-path filters 3 complex poles
Active Area (mm?) 1.65 0.25 ~1.7 0.26
Technology 28nm CMOS 130nm CMOS 65nm CMOS 65nm CMOS
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1[5]-{6] have not included the loss, power and area of the power-management units if using a sub-0.5V energy-harvesting source.

2 BLE specifications from [5].

=08 » 08 =
z Z
5 06 0.6 g
H 3
< 04 ’/ 04%
2 3
S o2 02 %
0

0
015 0.2 0.25 0.3 0.35
Voo, (V)

Fig. 15. Measured power consumption and sleep power of the class-D VCO
against VDD,EH variation.

Vpp,en = 0.3 V. Limited by the bandwidth of the BB TIAs,
the DSB NF at 1-MHz IF is higher than that at 0.4 MHz.
An IF of 0.5 MHz is expected to achieve low NF and avoid
signal distortion. Without differential combining, the ripple
injection from CP, can degrade the DSB NF by 5-6 dB at
0.1-0.8-MHz IF. With a two-tone test at 3- and 5-MHz offsets
from the LO frequency, the RX shows a reasonable IIP3 of
—12.5 dBm [Fig. 16(d)] even at Vpp g = 0.18 V, due to the
adequate and stable bias voltages generated by the #PM. The
measured 5-MHz in-band P; gg blocker power of the LNA is
—27.5 dBm [Fig. 16(e)]. The NF against the in-band (2.5 GHz
+ 3 MHz) and out-of-band (1.9 GHz) blocker power is shown
in Fig. 16(f). The NF is degraded to 20 dB at —26 dBm
(2 dBm) for the in-band (out-of-band) blocker. The IRR of
the RX is >25.1 dB.

3 Partial channel-selection filtering.

D. Power Breakdown in the Active/Sleep Mode

Fig. 17 outlines the total active and sleep power at different
Vpp,en. The total power consumption at Vpp gg = 0.18 V is
382 uW, where 75% of current is drawn directly from Vpp gn
and only 25% of the current passing through the uPM. At
Vbp,en = 0.3 V, the power consumption goes up to 1.3 mW,
with main contribution from the Class-D VCO since its gate
bias is tied directly to Vpp,en. At Vpp,en = 0.18 V, the
leakage power is as low as 1.33 nW, thanks to the ULV
operation and the use of long-channel HVT devices for the
LNA and other power-gating switches.

E. Performance Benchmark

Comparing with  the state-of-the-art ULP RXs
in Table I [5]-[7], this paper, aided by a uPM, succeeds in
operating against a deeply low and uncertain supply voltage,
while consuming low active and sleep power. No external
components are entailed. These are all crucial parameters for
low-cost energy-harvesting IoT applications. Note that [5]-[6]
have not included the loss, power and area of their power-
management units if using a sub-0.5-V energy-harvesting
source. The power consumption here is optimized at 0.18 V,
but is sub-optimized at 0.3 V due to the excessive VCO
power. I/Q demodulation is supported for the BLE, while [7]
does not. The main expense of this ULV ULP RX is the
active area (1.65 mmz), which is dominated by the utilization
of three coils in the LNA and the fully integrated xPM.
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Note that the PLL is not included in [5]-[7] and this paper.
A 0.2-V analog type-I PLL with VCO for BLE has been
recently demonstrated in [23], with a total power consumption
of ~0.7 mW. We also acknowledge that although this paper
has managed to lower the power consumption, it has a higher
NF than the recent BLE RXs [24], [25].
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VII. CONCLUSION

An ULV RX front-end-aided by an on-chip ¢PM has been
presented. It aims at direct powering by a sub-0.5-V energy-
harvesting source without further power regulation. The circuit
techniques are: 1) an uPM to deliver the internal supply
voltages and biases unlimited by the energy-harvesting volt-
age; 2) an ULV 3-coil two-stage LNA with an on-chip input
transformer to enhance the NF and gain, and power-gating
to suppress the sleep power; and 3) an ULV Class-D VCO
assisted by a Class-C starter to ensure robust and fast startup.
Fabricated in 28-nm CMOS, the RX prototype achieves low
active power (382 uW) and sleep power (1.33 nW) down to
0.18 V, while being compliant with the BLE standard.
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