148 N§§ >8, 4 35/454 <"(#-(RY /04 78,% 1-/1/6, <k 3(4564(77,-h T(#1 "L4S; <, 6% (L4
L, -#248(-+,67,-Ti(LACYh#, L, -(7"/Lk35/45T18,41-/1/6,<k1(66"+,48,7,-/<:L,k
?UK38/45T(L<H78,%1-/1/6,<i-,4/L0"#;-(35,%3(4564 (17, -#1-(L6R"T7, -#35/458

TSV ()978,40-,W; , L4 -4, L, -(7"/L435/454"R1S, R, LT"L#478,41-/1/6,<4 1 1 BY
(66"67, <XAKY22ZJIKK% "3)% 78,% 48(LL,St 1S(L% 7-(L6S(7'L#k 18-,,% ZKF4
(<+,-1'6, R, LTH48(LL, S611/4(SSHIQNSE&3H2" 1 148 (LL , $68%

advertisement channels to every 802.11b WiFi channel (64
cases), as illustrated in Fig. 3b. With a 0.3V supply, it
achieves a measured phase noise of -107dBc/Hz at IMHz
offset and a measured reference spur level of -50.4dBc,
which are well compiled with the requirement for 8§02.11b
modulation, all with a minimum of 3.2uW power
consumption.

B. The Proposed Passive Heterodyne Receiver

Fig. 4 illustrates the proposed passive heterodyne
receiver. During Smartphone/access point (AP)-to-tag
downlink, simultaneous BLE tone and 802.11b WiFi packet
are incident on the RX antenna, inspired by [9], the
frequency down-conversion (Af =fpre-fwiri) is achieved
passively by leveraging the non-linearity of energy harvester
(EH). The demodulator leverages the fact that the phase-
flipping (PF) information is encoded in the envelope of the
DBPSK-modulated 802.11b WiFi packet (PF happens when
the envelope is at its minimum). Therefore, by amplifying
the down-converted signal into pulses, wider pulses can be
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recovered at every PF point. Then a two-stage pulse-width-
shrinker (PWS) is implemented to remove the pulses with
narrower widths, followed by a T-flip-flop (T-FF) to recover
the 11Mbps DSSS data (Vi, IMbps WiFi-baseband data
multiplied by 11Mbps Barker code). Vi is then fed into
the proposed Barker decoder containing two 11b-digital-
Barker-correlators with soft-decision decoding to enable
low-power and robust WiFi-baseband (BB) data recovery. In
the ad hoc mode, the Barker demodulator can be disabled
and bypassed for a faster peer-to-peer data rate; however,
unlike the 802.11b DBPSK signal, the envelope of
conventional backscattered DBPSK signals does not carry
PF information, making low-power demodulation impossible.
Therefore, a reconfigurable SSB pulse-shaping backscatter
TX is proposed to create WiFi-like backscattered signals.

C. Proposed Reconfigurable Backscatter Transmitter

The concept and implementation of the proposed
transmitter are shown in Fig. 5. The key idea of the proposed
pulse-shaping modulator is to provide a smooth envelope
transition at data symbol boundaries and let the phase change
when the envelope is at its minimum (similar to WiFi).
Cycling through a single SP3T switch with three non-
overlapping 90°-delayed switching signals (S#x) generated
by IF, SSB frequency translating I and Q reflective paths are
created, where the I-reflective path connects to resistive
loads (Ter¢=|T&(e™), and the Q-reflective path connects to
the corresponding capacitive loads (I'-.,=|T-./[e"**"). At data
symbol boundaries, [I'e*( and |I'-_/| first decrease linearly in
pair (I'sto I'1) until they reach the minimum (this can be done
by a pair of 5-1 selectors controlled by I'[2:0]), then the
phase-change is triggered by changing the leading/lagging
condition of the quadrature clock generating the IF. When
the phase change is completed, |I'&*( and |I'-./| then change
in the reversed order (I'yjto I'+) to their maximum. As a result,
SSB pulse-shaped Q/BPSK modulation can be realized to
create a WiFi-like backscatter signal. In addition, by
eliminating the abrupt phase transitions at symbol boundaries,
sidelobe suppression is also achieved to further improve the
spectrum efficiency, allowing data rate enhancement and
potential spectrally efficient concurrent-multi-pair peer-to-
peer communication within the limited bandwidths. It should
be noted that, during Tag-to-Smartphone/AP communication,
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where the pulse-shaping is not necessary, the proposed
structure can be reconfigured to connect Suy to capacitive
(I'+=e%%"), absorbing (I'=0), and open (T's*=e™"), respectively,
allowing to backscatter with only two switches (the open
reflection condition does not require a switch), without the
requirement of any off-chip component, achieving a tuning-
free SSB Q/BPSK backscattering with the best-reported area
efficiency.

III. MFIEA?FGF=>}RFEAK>E

The backscatter IC was fabricated in 65nm CMOS,
occupying a core area of 0.33mm?. Fig. 6 demonstrates that
the chip can successfully harvest BLE energy on a 1pF
storage capacitor, start the 1uW crystal oscillator and the
3.3uW DBPSK demodulator in sequence, and turn on the
reconfigurable transmitter upon request.

Fig. 7 shows the measured demodulation waveforms with
input power at -17dBm for the two cases: 1) AP/smartphone-
to-Tag: WiFi 802.11b data on WiFi-CH.4 is demodulated
utilizing a BLE tone on BLE-CH.39; 2) Tag-to-Tag:
demodulation at 5SMbps data rate with an offset frequency of
41.25 MHz, utilizing a BLE tone on BLE-CH.38.

Fig. 8 demonstrates the generation of frequency-
translated packets to every 802.11b WiFi channel (WiFi-CH.
1-13) implementing the AFC-assisted ULVWBPLL. Thanks
to the inductor-less reflector, the SSB modulator achieves the
best-reported image rejection of 33dB (20dB improvement
over [3]). Moreover, the proposed pulse-shaping technique
suppresses the first sidelobe by 12dB compared to the same
modulator without pulse-shaping.

Fig. 9 shows that the chip can achieve stable EVM
performance across various IFs (with a symbol rate of
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1Msps). During backscattering, the chip consumes an active
power of 6.6uW at an IF of 15.25MHz (BLE-CH. 37 to
WiFi-CH. 2) and less than 16uW across all channels (power
varies corresponding to different IF frequencies).

Wireless experiments with commercial TRX hardware
are shown in Fig. 10. The chip can be powered up within
1.6s for up to 4m distance, considering the maximum EIRP
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of 20dBm for commodity BLE TXs. The proposed battery-
less system achieves a TX-to-Tag-to-RX range of 8m
(limited by EH) for single-AP networks, and that extends to
84m in a mesh network where an additional AP is available.
In applications where a battery is an option, the proposed
backscatter improves the worst-case distance (single AP or
equidistance TX and RX) to 36m. For demodulation, the
downlink data in both AP-to-Tag and Tag-to-Tag cases is
successfully demodulated wirelessly into the BB, measured
by the oscilloscope. Table I benchmarks the proposed
backscatter system to prior WiFi backscatter systems. A die
micrograph and the energy efficiency comparison to prior-
arts are shown in Fig. 11.

IV. C*=BKAE(*=

This paper presents a low-power backscatter IC that
supports peer-to-peer and fully 802.11b-WiFi-compatible
bidirectional communication with state-of-the-art energy
efficiencies for both uplink and downlink. This is achieved
by implementing the proposed passive heterodyne RX and
the reconfigurable pulse-shaped backscatter transmitter. The
proposed chip supports frequency translation from all three
BLE advertisement channels to every 802.11b channel (64
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cases) at low power. When implemented in commercial WiFi
infrastructure, it achieves the single-antenna range of 36m
with improved area efficiency.
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