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ABSTRACT
In this paper, we for the first time demonstrate how to enable
OFDMA in Wi-Fi backscatter for capacity and concurrency
enhancement. With our approach, the excitation signal is
reflected, modulated and shifted to lie in the frequency band
of the OFDM subcarrier by the tag; OFDMA is realized by co-
ordinating tags to convey information to the receiver with or-
thogonal subcarriers concurrently through backscatter. The
crux of the design is to achieve strict synchronization among
communication components, which is more challenging than
in regular OFDMA systems due to the more prominent hard-
ware diversity and uncertainty for backscattering. We reveal
how the subtle asychnronization scenarios particularly for
backscattering can incur system offsets, and present a series
of novel designs for the excitation signal transmitter, tag,
and receiver to address the issue. We build a prototype in
802.11g OFDM framework to validate our design. Experi-
mental results show that our system can achieve 5.2-16Mbps
aggregate throughput by allowing 48 tags to transmit con-
currently, which is 1.45-5× capacity and 48× concurrency
compared with the existing design respectively. We also de-
sign an OFDMA tag IC, and the simulation and numerical
analysis results show that the tag’s power consumption is in
tens of µW .
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1 INTRODUCTION
Recent years have witnessed extensive exploration of Wi-Fi
backscatter, which provides wireless connectivity to Internet-
of-Things (IoT) devices on tiny energy budget [1–5]. While
promising in addressing the power consumption challenge,
the existing Wi-Fi backscatter design still remains low net-
work capacity for the following two reasons: First, concur-
rent transmissions from multiple backscatter devices (tags)
incur collisions, for which tags must transmit sequentially
[1, 2, 4, 5]; second, the spectrum efficiency is low under the
single-carrier modulation scheme, where the transmitting
tag exclusively occupies the spectrum resource [3].

The strength of the existing backscatter design is that the
peak speed of the single connected tag is high (up to 11Mbps)
[3]; however, with the rapid rise of connectivity needs from
pervasive IoT applications, the Wi-Fi system itself is moving
away from further improving the peak speed with a single
device connected, but targets at increasing the rate of data
exchange by all users [16–19], where it is more important to
support a large number of connected IoT devices featured by
short bursts of data [16, 17]. To this end, the next-generation
Wi-Fi 802.11ax performs a ground-up reworking of the core
multiple access mechanism to realize orthogonal frequency
division multiple access (OFDMA).
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Figure 1: OFDMA backscatter system.

OFDMA is based on the orthogonal frequency division
multiplexing (OFDM), which is a multi-carrier modulation
mechanism adopted by 802.11a/g/n/ac. In contrast to the
single-carrier counterpart in 802.11b, OFDM delivers a de-
vice’s data with multiple orthogonal subcarriers. Due to the
orthogonality, the subcarriers’ frequency bands can partially
overlap thus the overall spectrum efficiency (bit rate per Hz)
is higher than that in 11b. With occupying the same Wi-Fi
channel, the peak data rate of 11a/g/n/ac is therefore higher
than that of 11b. OFDMA however is amultiple access mecha-
nism, which enables assigning OFDM subcarriers to different
devices at the same time; therefore, the OFDMA system al-
lowsmany devices to transmit concurrently, and the network
capacity (maximum aggregate throughput) is higher than
that in systems based on single-carrier modulation.
The adoption of OFDMA in next-generation Wi-Fi indi-

cates that fewerWi-Fi devices with single-carrier modulation
in the core will be used in the future, moreover, almost all
of the modern Wi-Fi devices use 802.11g/n based on OFDM
[5]; therefore, there is a strong necessity to investigate how
to enhance the capacity of the Wi-Fi backscatter system
accommodating the multi-carrier modulation mechanism.
In this paper, we for the first time demonstrate how to

enable OFDMA in Wi-Fi backscatter. Our design maintains
the µW level power consumption on tags, and meanwhile
improves the system capacity and transmission concurrency.
Specifically, we enable tags to generate backscattered sym-
bols at orthogonal subcarriers’ frequencies, which are then
synthesized into an OFDM symbol at the receiver, as illus-
trated in Fig. 1. The OFDMA is realized because the excita-
tion signal transmitter can coordinate the frequency shift in
tags, which is equivalent to assigning different subcarriers
to different tags.
The crux of any OFDMA system is the effective synchro-

nization mechanism, which is supposed to overcome the
time and frequency offsets caused by hardware diversity
among communication entities [25, 26]. However, due to the
resource indigence of the tag, materializing the concept of
OFDMA backscatter as shown in Fig. 1 is confronted with
new conundrums. In particular, the excitation signal genera-
tor needs to transmit not only the continuous wave (CW), but
also other waveforms carrying the OFDMburst preamble and
the control information; the tag needs efficient synchroniza-
tion mechanisms to counteract subtle phase offsets incurred

by generating the backscattered symbol; the receiver must
be able to decode the synthesized OFDM symbol from the
excitation signal transmitter and tags rather than from the
single regular OFDM transmitter, which is hindered by asyn-
chronization errors and the inconsistency with the standard
OFDM receiver processing.

In addressing the challenges above, we make the following
technical contributions:
• We present design of the excitation signal transmitter and
the receiver to enable OFDMA of tags for Wi-Fi back-
scatter; we also show how to combine multiple regular
OFDMA tags into an enhanced one that can provide higher-
rate connectivity (§4).

• We reveal the phase offset issues particularly in theOFDMA
backscatter system and provide corresponding calibration
techniques as countermeasures (§5).

• We build a hardware prototype of the proposed OFDMA
backscatter system in theWARP’s 802.11g framework [29];
we also design an OFDMA tag IC for estimating the power
consumption (§6).
Comprehensive experiments (§7) are conducted with our

prototype and the results show that:
• (Capacity and concurrency) The system can support 48
concurrently transmitting tags with occupying only 1 of
the Wi-Fi channels; the aggregate throughput is 5.2Mbps
with BPSK and 1/2 coding rate, and can achieve up to
16Mbps with QPSK and 3/4 coding rate. This is 1.45-5×
capacity and 48× concurrency compared with the Wi-Fi
backscatter system based on single-carrier modulation [3].

• (Communication range) The transmission range of the
regular OFDMA tag in our system can achieve more than
100m in the line-of-sight (LOS) setting, with 110Kbps data
rate using BPSK and 1/2 coding rate. This is 2-3× the max-
imum range reported in existing designs [3, 4]. The trans-
mission range of the enhanced 4-in-1 OFDMA tag is up to
35m at 440Kbps .

• (Power consumption) The overall power consumption of
the OFDMA tag is conservatively estimated to be 18.31-
60.06µW , which is in the same order of the existing design
[3].
We summarize and answer some FAQs of our work in

a report, and we also present a brief demonstration of our
system in a video, which are available at [42].
2 PRELIMINARIES
2.1 OFDM in 802.11g
We design and implement the OFDMA backscatter system in
the OFDM framework of 802.11g, thus we first highlight the
OFDM design in 11g, so that the following discussions in the
paper can be understood. The PHY layer of 802.11g allocates
the spectrum resource (20MHz bandwidth) of 2.4GHz band
to 64 orthogonal subcarriers, where the frequency spacing
between any two neighboring subcarriers is 0.3125MHz. In
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Figure 2: OFDM burst generation procedure.

particular, subcarriers with index ranges [-26:-22 -20:-8 -
6:-1 1:6 8:20 22:26] are for data transmission, #-21, #-7, #7,
#21 are pilot subcarriers for system calibration, #0 is DC
subcarrier not used and the rest 11 are null subcarriers to
reduce adjacent channel interference [24].

Suppose there are 48 bits of information to be transmitted
by those 48 data subcarriers, if we let each of the subcarriers
at different frequencies transmit 1 bit of the information
using phase-shift keying (PSK) in a period of T in parallel,
then combining those subcarriers in T can generate a time-
domain OFDM symbol in an analog manner. The 802.11g
system uses the similar principle to generate OFDM symbols
but in a digital manner leveraging IFFT as shown in Fig. 2.
The input data bitstream after regular processing such

as scrambling, coding and interleaving is first divided into
groups of n bits, where n = 1, 2, 4 and 6 for BPSK, QPSK,
16QAM and 64QAM respectively corresponding to different
data rate settings. Consider the QPSK case as shown in Fig. 2,
each group of 2 bits is converted into a point in the constella-
tion diagram, which is essentially a complex number in the
form of (I + jQ). Such complex numbers are mapped into
subcarriers in the frequency domain termed as FFT bins.
The FFT blocks are then converted to time domain with

IFFT, which become a set of complex time-domain samples
representing the sum of those modulated subcarriers. There
are 64 such samples from the IFFT output; If we replicate
the last 1

4 of those samples and put the replicated part in
the front, then we obtain an 802.11g OFDM symbol, with
the replicated 16 samples termed as the cyclic prefix (CP).
The obtained signal is clocked at 20Msps , which yields a
4µs duration OFDM waveform with the CP duration 0.8µs .
The purpose of the CP design in the regular OFDM mecha-
nism is to address the inter-symbol interference (ISI) and the
inter-carrier interference (ICI), which are incurred by hard-
ware clock offset and multipath effect; however, we find that
the OFDM CP design also provides opportunities to realize
OFDMA backscatter, which will be explained in Section 3.
The OFDM symbol generation procedure is repeated to

produce symbols from the remaining bits groups in the
stream. To complete the OFDM frame structure, those sym-
bols are concatenated and added to a 16µs preamble, and
the obtained signal is termed as an OFDM burst ready for
transmission, as shown in Fig. 2.

2.2 Challenges
To realize OFDMA backscatter system as conceived in Fig. 1
by utilizing the OFDM framework described above, we have
to address the following three particular challenges.

Challenge 1: Calibrating clock offsets.The crux of any
OFMDA system is to realize strict synchronization. In the
concrete case of OFDMA backscatter, the key is to calibrate
clock offsets on the excitation signal transmitter, tags and the
receiver, so that those components can agree on the starting
point and duration of the OFDM symbol, moreover, maintain
the frequency orthogonality of backscattered symbols. In the
regular OFDM system without tags, the synchronization
can be realized simply using the burst preamble from the
transmitter to the receiver. In the OFDMAbackscatter system
as conceived in Fig. 1, the OFDM symbol at the receiver
is factually a combination of backscattered symbols from
tags, which naturally contains the tags’ clock offsets that are
not considered in the regular OFDM framework. Moreover,
the on-tag frequency shift operation during backscattering
incurs frequency offsets of subcarriers, which potentially
impacts the frequency orthogonality.

Challenge 2: Customizing excitation signal. In con-
trast to existing Wi-Fi backscatter design with the excitation
signal contains CW only, the excitation signal for OFDMA
backscatter must contain the regular OFDM burst preamble
and waveform of control information also.
The burst preamble is to realize tx-rx synchronization

regulated in 11g; it is more complex than its counterpart in
the single-carrier modulation system such as 11b, because
the preamble contains multiple subcarriers’ frequency in-
gredients. It is more practical to preserve the inherent burst
preamble of 11g generated by the transmitter, instead of of-
floading the burden to resource-indigent tags as is done in
[3]. Moreover, the excitation signal must be able to convey
control messages to tags efficiently, in order to inform the
tag the amount of frequency shift and realize tx-tag synchro-
nization. The existing approach with AM modulating the
excitation signal as in [3, 7] for control message delivery is
infeasible, due to the lack of synchronization design and the
low reliability and efficiency.
Further, even if we could somehow enable a regular 11g

transmitter to generate the waveform as described above,
we still have to appropriately configure the strength of the
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Figure 3: System model.

waveform to accommodate the 11g receiver’s automatic gain
control (AGC) scheme. In particular, we need to make am-
plitudes of the preamble and those backscattered symbols
comparable, in order to let the 11g receiver process the OFDM
burst as it were from the regular OFDM transmitter; however,
since amplitudes of the backscattered symbols can not be
controlled, we have to configure the amplitude of the CW to
influence that of the backscattered symbols.

Challenge 3: Calibrating phase offsets.The tag-rx syn-
chronization mechanism is unavailable in the regular 11g
framework. This can incur three kinds of phase offsets in the
received signal according to our experimental results, which
make the receiver’s constellation diagram deformed: 1) The
static phase offset is caused by the aggregated backscatter
delay and FFT window offset in receiving the OFDM symbol,
for which it can be observed that the constellation diagram
rotates a fixed degree compared with the ideal one. 2) The
continuous dynamic phase offset is incurred by the residual
frequency offset, for which we can observe the constellation
diagram gradually form a circle. 3) The discrete phase offset
is resulted from the square wave phase offset during the
on-tag modulation process, for which it can be observed that
the constellation diagram rotates several discrete degrees.

3 SYNCHRONIZATION FOR OFDMA
BACKSCATTER

Based on the analysis above, we can see that the major chal-
lenge for realizing OFDMA backscatter is to synchronize the
entire system. In this section, we first present the OFDMA
backscatter system model, and then reveal why it is possible
to implement the model in the 11g OFDM framework, where
we particularly point out the opportunities to realize time
and frequency synchronization for OFDMA backscatter.

System model. The OFDMA backscatter system model
is shown in Fig. 3. The excitation signal transmitter first
reserves the Wi-Fi channel by using request-to-send (RTS)
and clear-to-send (CTS) frames as in [3]. After that the trans-
mitter sends a customized frame. The first part of the frame
contains the 802.11g preamble for tx-rx synchronization and
PHY header; the second part is produced by modulating the
CW with OOK, which contains necessary preamble allowing

the tx-tag symbol clock synchronization, and control infor-
mation destined to tags (further discussed in [42]); in the
third part, the CW is to be broadcast and backscattered by
tags, and the pilot subcarrier is for the receiver to calibrate
phase and residual frequency offset with the transmitter. The
backscattered symbols from tags are concatenated with the
burst preamble and PHY header from the excitation signal
transmitter to form a complete OFDM burst at the receiver.

Time synchronization. The CP design in the 11g OFDM
framework provides the opportunity to realize time syn-
chronization for OFDMA backscatter. In the regular OFDM
system, it may also happen that subcarriers arrive at the
receiver in slightly different time points, which potentially
incurs ISI and ICI; the CP is to enable the system to tolerate
such situation. In the perspective of the receiver, there will
be no problem as long as the arrival time points of those sub-
carriers are within the duration of the CP, no matter if the
subcarriers are from the single transmitter or backscattering
tags. The CP in 11g is 0.8µs , which is enough to tolerate
the time asynchronization caused by backscattering. This
will be verified by our experimental results to be shown in
Section 7.1.
The excitation signal transmitter sends OOK modulated

signal to the tag as shown in Fig. 3, which provides the oppor-
tunity to synchronize tx and tags’ local clocks. In particular,
those clocks can be configured to count the duration of the
OFDM symbol equally with the help of tx-to-tag preamble,
which will be described in Section 4.2. With the inherent
CP design of the 11g OFDM framework and our design of
the tx-to-tag synchronization preamble, we could resolve
Challenge 1, and producing the tx-to-tag preamble is a part
of Challenge 2.
Frequency synchronization.Themodel design also pro-

vides the opportunity to realize frequency synchronization,
which is to deal with the possible frequency offset of the sub-
carrier incurred when performing frequency shift in the tag.
The regular 11g transmitter’s RF oscillator works at 2.4GHz,
thus the resulted frequency offset could be up to hundreds
of kHz even if precision of the oscillator is in tens of ppm.
This is also the main problem of regular OFDMA system.
The frequency offset in the same order still exists between
the excitation signal and receiver in OFDMA backscatter,
but can be solved by the tx-rx synchronization mechanism.
Meanwhile, since the on-tag oscillator works at very low
frequency (MHz) compared with the regular OFDM trans-
mitter’s RF oscillator, the corresponding frequency offset
incurred by frequency shift will not be very high and could
be tolerated by 11g’s inherent scheme. This will be verified
by our experimental results to be shown in Section 7.1.

The missing piece of the puzzle now is the tag-rx synchro-
nization mechanism as described inChallenge 3, which will
be addressed in Section 5.
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Figure 4: Excitation signal transmitter design.
4 DESIGN
This section presents detailed system design based on the
proposed model as shown in Fig. 3. We will make some
design decisions based on experimental results, thus we here
preannounce the default experiments setup. Experiments are
conducted using CHANNEL 1 of the Wi-Fi band in the LOS
setting. The transmitter operates at 20dBm, and the tx-tag
and the tag-rx distance are 1m and 5m, respectively. The
tag is installed with a 2dBi omni-directional antenna. The
tag is continuously transmitting 5M-bit information with
fixed length (500 OFDM symbols) with subcarrier #-12 every
10µs . We purposely abandon channel coding and evaluate
raw throughput when conducting experiments, in order to
make the experiments phenomena more obvious.
4.1 Transmitter Design
We now show how to streamline the regular OFDM transmit-
ter so that the waveform of the excitation signal as shown in
Fig. 3 can be generated. In the waveform, the preamble and
PHY header can be automatically composed with regular
operations of the 802.11g transmitter; therefore, we mainly
describe how the CW and the OOK signal are generated, and
how the AGC issue can be addressed, where BPSK case is
used for convenience of demonstration.

Produce OOK signal and CW. The main procedure of
the transmitter is illustrated in Fig. 4, where the dashed-line
modules are modified for our purpose. The input bitstream
first goes through the bitstream processing module, which
includes three kinds of processing in sequence: scrambling,
convolutional encoding and interleaving. Our purpose is to
compose an appropriate bitstream so that the result after
those processing is the target stream for the control signal
and CW. We here adopt the smart approach provided by in-
terscatter system to obtain the target stream by appropriately
setting the initial state of the scrambler [7].

However, the double-symbol modulation method in [7] is
unreliable due to the false peak and glitch effect, which is re-
luctant to meet the strict synchronization requirement in our
system. Therefore, we propose a new approach to customize
the excitation waveform by modifying the mapping strategy
before IFFT in the 802.11g transmitter, where CW can be
generated, and the to-tag frame and control information can
be conveyed by modulating the CW with OOK, as illustrated
in Fig. 4.

The target bitstream includes the to-tag frame for OOK
and all 1-bits for CW, which is transformed into a sequence
of complex numbers after BPSK. The bit 1 and 0 in the target
stream is transformed into complex numbers 1+j0 and−1+j0,
respectively. We then have 1+ j0 and −1+ j0mapped to sub-
carrier #-27 with values 1 + j0 and 0 + j0 respectively, which
realizes OOK modulation. Pilot subcarriers are mapped fol-
lowing regular rules of 802.11g. The rest of subcarriers not
being mapped are assigned values 0. In this manner, the
target waveform as shown in Fig. 3 can be roughly produced.

How to choose a subcarrier to generateCW?We could
use null subcarriers to produce the CW because they convey
no payload data. The problem is how to choose the most
appropriate one from multiple possible choices. In particular,
null subcarriers [-32:-27 27:31] all are candidates. Due to the
symmetric distribution of the two sets of null subcarriers
in the frequency domain, we just use subcarriers [-32:-27]
as an example to demonstrate the phenomena that can be
observed when using different subcarriers to produce the
CW, based on which we can make the design choice.
We use a WARP v3 board to continuously generate CW

with each candidate subcarrier, and an Aglient N9320B spec-
trum analyzer that is connected to the board with a 1m SMA
cable to analyze the corresponding spectrum. The spectra
of #-31, #-30 and #-27 are illustrated in the first three sub-
figures of Fig. 5, and that of the subcarriers #-32, #-29 and
#-28 are similar thus omitted due to limitation of the space.

It can be seen that there are three peaks in Fig. 5 (a), where
peak 1 represents subcarrier #-31 itself, peak 2 is the DC
subcarrier leakage, which is caused by DC offset of ADC and
local oscillator (LO) leakage, and peak 3 is the replication of
peak 1 created by IFFT, where the power is suppressed by
the band-pass filter. In Fig. 5 (b), we can see that there are
many other spectrum components associated with subcarrier
#-30 except for the three peaks, which is caused by symbol
phase discontinuity of the CW. In particular, the length of
the OFDM symbol (4µs in 802.11g) is not always equal to an
integer multiple of the subcarrier’s period, thus the initial
phase of each symbol generated by the subcarrier varies.
Figure 5 (c) is for subcarrier #-27, which looks like Fig. 5

(a); the difference is that the power of peak 3 is lower than
that for #-31, which are -10dBm and 15 dBm respectively.
This is because peak 3 of #-27 is nearer to the stop-band
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Figure 5: (a) Sub-carrier #-31; (b) Sub-carrier #-30;
(c) Sub-carrier #-27; (d) Performance of 2.5MHz fre-
quency shifting tag communication with different
subcarriers as the CW.

and suppressed by the transmitter’s band-pass filter, which
makes #-27 an outstanding candidate for producing the CW.
Specifically, the replication of the subcarrier will also be
backscattered; if the power of the replication is high, then
the backscattered signal could incur potential interference
with devices operating on adjacent channels. Although Fig. 5
(b) seems to be a mess in the frequency domain, such struc-
ture factually does not impact performance of the backscatter
system itself. Figure 5 (d) shows the performance when using
different null subcarriers to produce the CW, which indicates
that the resulted BER and the throughput do not vary signif-
icantly.
In summary, any null subcarrier can be used to produce

the CW, but the one with frequency-domain replications
created by the IFFT close to the stop-band of the transmitter’s
band-pass filter can mitigate potential interference caused by
backscatter; although the phase discontinuity of subcarriers
could incur the seemingly messy spectrum structure, it will
not impact the performance of the backscatter system itself.

Configuring amplitude of the waveform. Recall the
waveform design as shown in Fig. 3, we purposely set the
amplitude of OOK modulated signal and CW to be higher
than that of the regular preamble. This is to both increase
the backscatter communication range and accommodate the
AGC of the receiver: the signal strength of the backscat-
tered symbol will be less than that of the CW; moreover,
the AGC will set the receiver’s amplifier gain according to
the preamble’s signal strength, so we need to have higher
CW amplitude than the preamble to make the backscattered
symbol’s amplitude comparable to that of the preamble, or
it will result in high BER due to the noise interference.
The amplitude of the signal is configured using the IFFT

scaling value. For example, a 64-point IFFT processing with
radix-4 decimation contains 3 stages of computation, the
scaling value is usually set to be 4 for each stage to avoid
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overflow, which makes the output signal strength to be 1
43 of

the non-scaled amplitude. Similarly, if we change the scaling
values to 1, 2, 2 for the 3 stages respectively, it will make
the output signal strength equal to 1

1×2×2 of the non-scaled
amplitude, which is 16 times of that in the previous setting.
The number of times is termed as the amplitude ratio. Con-
sequently, we can maintain the regular scaling value when
IFFTing the preamble and the PHY header, and change the
scaling value when IFFTing OOK signals and the CW to con-
figure the amplitude in the excitation signal. Meanwhile, the
pilot insertion value should also be changed to maintain the
amplitude of the pilot subcarrier correspondingly.

Note that the amplitude ratio impacts performance of the
backscatter communication. Figure 6 shows experimental
results where the tx-tag and tag-rx distance are 1m and 30m,
respectively. The results indicate that the amplitude ratio
should not be too high, or the amplitude of the preamble and
pilot is suppressed, which makes synchronization and sam-
pling frequency offset estimation at the receiver inaccurate.
We choose 16 as the amplitude ratio in our design.

With accomplishment of the excitation signal transmitter
design, we resolve Challenge 2. Based on the design, we
are able to configure the tx-to-tag preamble for partially
resolving Challenge 1.
4.2 Tag Design
Working procedure.As shown in Fig. 7, the tag is triggered
by the OOK modulated signal. The tag will execute the corre-
lation algorithm to check the tx-to-tag preamble in the OOK
signal; noting that the tag is unlikely to be falsely triggered
by existing Wi-Fi signals, which normally use phase modu-
lation. We borrow the demodulation module design in [4, 5],
where there is a passive energy detector and a comparator
to obtain the on-off state. Besides awakening the tag, the
tx-to-tag preamble is also used for synchronizing the tx and
tag symbol clocks.
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The on-tag receiver adopts a hard-decision decoding algo-

rithm to detect the OOK code, where the performance can be
influenced by the length of the code. In particular, a shorter
code design may incur false triggering, while the longer one
could lead to inefficiency. Moreover, although a longer code
design benefits overcoming the noise and interference, the
low energy budget of the tag dominantly restrains the tx-tag
range. Based on our empirical studies, we choose to use 11-
bit barker code for realizing synchronization at a reasonable
overhead.
After processing the tx-to-tag preamble, the tag starts

to demodulate the OOK signal for the control information,
which specifies the subcarrier allocation to the tag by in-
forming the tag subcarrier index. The tag then generates a
square signal with frequency ∆f according to the index; the
square wave signal is then modulated with phase shifting
keying (PSK) to encode the local payload data. Themodulated
square wave signal is multiplied with the CW, producing a
backscattered symbol flying to the receiver. We also realize
convolutional coding in the tag to reduce BER. With success-
ful processing of the tx-to-tag preamble, we could resolve
Challenge 1; moreover, we propose the following two new
designs to the tag.

Single sideband backscatter. The signal obtained after
the frequency shifting operation is factually a double side-
band one, which not only wastes the spectrum resource
but also incurs potential interference to other bands. The
issue can be resolved by introducing a phase-shifted signal
as mentioned in HitchHike [4]. We here present our new
transmission delay line design to realize the single sideband
signal generation as shown in Fig. 8. The double sideband
signal first goes through the splitter and propagates along
path 1 and path 2. We make the transmission line of path
2 longer than that of path 1, where the extra part produces
exact π

4 phase shift of r2(t). Then the backscattered r2(t) and
r1(t) are combined to form the single sideband signal r (t).
Our transmission delay line design can be realized in PCB of
the tag, which needs no active phase-shifting device.

Enhanced tag supporting higher data rate. Another
new design proposed in this paper is that we can combine
multiple SSB modules to produce an enhanced OFDMA tag
supporting higher data rate in our proposed architecture.
The enhanced OFDMA backscatter tag design can be imple-
mented in the similar manner as the analog OFDM, which
separates the centralized clocks to sub-modules. The CW is
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Figure 9: Enhanced backscatter circuit.
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first split into 8 paths, with every two-path as a group for the
SSBmodulation, as shown in Fig. 9. In this way, the enhanced
tag can be assigned 4 subcarriers thus theoretically providing
4× data rate compared with the regular one, which can be
applied to more bandwidth demanding devices in practice
[23]. With the flexible spectrum allocation of the OFDMA
backscatter system, heterogeneous connectivity needs in
practical IoT applications can be satisfied.
It is worth mentioning that the enhanced tag technique

also helps resolving the frequency selective fading issue by
conveying the information with multiple subcarriers; for the
regular tag generating the single subcarrier, the frequency
selective fading could be resolved by reassigning subcarriers
using the upper layer protocol described in [42]. Theoret-
ically, it is possible to enhance the tag with the capability
of reflecting many even all the subcarriers, which however
will incur high power consumption and big-size tag thus in
conflict with our motivation.
4.3 Receiver Design
The preamble sent from the transmitter and the backscat-
tered symbols from tags arrive at the receiver in sequence,
which form a complete OFDM burst. The synthesized burst
is then processed by the receiver as shown in Fig. 10. The
I/Q stream from the ADC is processed by regular modules
sequentially, including packet detection, LTS correlation, syn-
chronization, frequency correlation, CP removal, FFT and
demapping, after which a complex number sequence is ob-
tained. Additional processing is enhanced into the original
phase estimation module as shown in Fig. 10, in order to ad-
dress the phase offset incurred by backscattering. This part
will be elaborated in Section 5, where we describe how each
kind of the phase offsets particularly for OFDMA backscatter
is incurred and addressed systematically.
Another streamlining in the receiver is to bypass the bit-

stream processing module as shown in the right part of
Fig. 10. Themodule includes functionalities of deinterleaving,
Viterbi decoding, and descrambling. The Viterbi decoding
is a reverse operation corresponding to the convolutional
coding process in the transmitter. Note that the input of the
bitstream processing module on the transmitter side is the



bitstream for producing the excitation signal; however, the in-
put stream on the receiver side is payload data backscattered
from tags. The inconsistency makes the Viterbi decoding
module believe that the received bitstream is corrupted, so
it will perform corrections on the stream, which pollutes the
payload data and results in communication failure. Conse-
quently, we need to bypass this module at the receiver.

5 PHASE OFFSET CALIBRATION
If we run the OFDMA backscatter system as described above,
we can observe that the obtained constellation diagram at
the receiver contains at least one of the phenomena as shown
in Fig. 11. It is obvious that the diagrams are not the same
as the ideal BPSK constellation diagram. The lack of tag-rx
synchronization incurs such subtle phase offset patterns that
have been unknown before. This section reveals the root
cause of each phase offset effect and presents corresponding
calibration techniques.
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Figure 11: (a) Static phase offset; (b) Continuous dy-
namic phase offset; (c) Discrete dynamic phase offset.

5.1 Static Phase Offset
The consequence of the static phase offset is: the obtained
constellation diagram rotates certain degree compared with
the ideal one, where Fig. 11 (a) shows a snapshot of the
phenomenon. Specifically, we find that the degree of the
rotation varies among different tags; for a given tag, the
rotation degree remains constant within a burst, but varies
among different bursts.

We reveal that this is incurred by the delay in backscatter
as shown in Fig. 12. In particular, the OFDM burst obtained
by the receiver consists of the preamble from the excitation
signal transmitter and backscattered symbols from tags. Due
to the tag circuit delay, tx-to-tag preamble processing delay
and the longer propagation delay, we can observe an aggre-
gated delay between the starting point of the backscattered
symbol and the corresponding OFDM symbol that would
have been sent from the transmitter directly, as shown in
Fig. 12.
In the receiver, the FFT window is responsible for sepa-

rating each OFDM symbol from the burst; the FFT window
can cover 64 out of the 80 samples in each OFDM symbol.
Thus the starting point of the window does not necessarily
align with the starting point of a symbol, and the difference
between the two starting points is termed as FFT offset as
shown in Fig. 12.

Preamble

Tag

TX

RX

Delay

FFT offset
FFT window FFT window

(symbol)

symbol

Figure 12: Root cause of static phase offset.

Since the starting point of the FFT window is determined
by the OFDM burst preamble, the FFT offset is fixed for
a given subcarrier (tag) in a given burst. In the burst, the
arriving time of the tags’ backscattered signals varies, and the
frequencies of those signals differ from each other; therefore,
although the FFT offset is constant, the corresponding phase
offsets for subcarriers are different. For a different burst, the
delay and FFT offset could change, thus the corresponding
phase offset for a given subcarrier can be different from that
in the previous burst.

We calibrate the static phase offset with the tag-to-rx pre-
amble, which is inserted into the tag’s local payload. Recall
the tag’s working procedure as shown in Fig. 7, we let the
tag insert 8 bits before the real payload bits and derive the
static phase offset of the subcarrier for those 8 bits at the
receiver. We realize the calibrate scheme in the phase esti-
mation module of the receiver as shown in Fig. 10. Based
on the derived phase offset value from those 8 bits, we can
calibrate the static phase offset for the real payload bits.

Although the preamble and the backscattered symbols are
not seamlessly concatenated, the CP design in the OFDM
mechanism still enables the receiver to decode the burst,
which in fact provides the opportunity to realize OFDMA
backscatter. The CP is essentially the partial replication of the
symbol itself, which is redundant information dealing with
ISI and ICI. The 802.11g CP is 0.8µs ; therefore, if the backscat-
tered symbols’ arrival time points fall in the duration of 0.8µs
at the receiver, then the inherent synchronization scheme of
11g will automatically calibrate the time offsets. The aggre-
gate backscatter delay and CP length factually determine the
feasibility and robustness of the OFDMA backscatter system,
which is to be examined in Section 7.1.
5.2 Continuous Dynamic Phase Offset
The effect of the continuous dynamic phase offset is: the
points on the constellation diagram keep moving along the
unit circle in the same direction and finally form a circle, as
shown in Fig. 11 (b). Note that the sampled OFDM signal
at the receiver can be represented by r [n] = h[n] ∗ s[n] ·
e−j2πn∆f ∆T , where ∆f is the residual frequency offset and
∆T is the sampling period of 1

20MHz [25, 26]. The phase angle
φ = 2πn∆f ∆T increases with the index of samples n. Since
φ is very small in practice, the phase offset in each sampling
operation increases non-dramatically, which is why we use
the term “continuous".
Such an issue also occurs in the regular OFDM based

system, which normally is resolved using the pilot signal.
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Figure 13: Frame lengths vs BER and throughput.

In particular, the pilot signal is transmitted along with the
OFDM symbol, and the receiver can estimate the correspond-
ing phase offset by decoding the fixed information conveyed
by the pilot signal, based on which the offset can be cal-
ibrated. However, in OFDMA backscatter, the pilot signal
in the backscatter system is transmitted by the excitation
signal transmitter, but the OFDM symbol is synthesized with
backscattered signals, which makes the phase offset esti-
mated through decoding pilot signal unable to represent
that of the synthesized OFDM symbol; therefore, we need to
resolve the issue by other means.

We can see that the expression ofφ indicates that the more
sampling operations are carried out, the more phase offset
can occur. The number of sampling operations required at
the receiver is dependent on the number of symbols in the
burst; therefore, constraining the frame length can effectively
mitigate the dynamic phase offset. However, we need to
strike a balance for choosing the frame length, because the
proportion of the control bits is high if the frame length is
too short, which could impact throughput; the space in the
burst for the control signal could have been used for payload.
We conduct experiments to find out an appropriate frame
length, where the results are shown in Fig. 13. It shows that
the BER and throughput achieve balance when the frame
length is 500: the longer frame incurs higher BER, while the
shorter one incurs throughput degradation.

Another possible method to resolve the issue is to utilize
pilot symbol assisted modulation as in [27]: tags periodi-
cally send certain symbols with pilot subcarriers, so that
the receiver can derive the reference amplitude and phase,
which however will sacrifice some data rate for periodical
calibration.
5.3 Discrete Dynamic Phase Offset
The effect of the discrete dynamic phase offset is: the points
move along the unit circle but with a notable angular step
size, as shown in Fig. 11 (c). The root cause of the phenome-
non could be explained with Fig. 14. The upper part of the
figure illustrates 3 standard OFDM symbols from a single
subcarrier. Note that the 3 symbols are with the same initial
phase, thus they could be regarded as conveying the same
information, say bit 1. Such waveform acts as a reference for
the receiver to decode information conveyed by OFDM sym-
bols synthesized by tags’ backscatter signals. In particular, if
we use φr and φt to denote the initial phase of the reference

Symbol 2 Symbol 3

Phase discontinuity

Symbol 1

CP CP CP

Symbol 2 Symbol 3Symbol 1

RX reference

Tag symbols

Figure 14: Root cause of discrete dynamic phase offset.

signal and the tag’s backscattered signal respectively, and
the system uses BPSK, then the backscattered information
is 1 and 0, when φr − φt = 0 and φr − φt = π , respectively.
This is the ideal decoding process in the receiver, and the
results are just like the ideal situation as shown in Fig. 11 (c).

However, the problem is that extra phase offset is incurred
by the modulation process in the tag, which makes the dif-
ference between φr and φt not necessarily equal to 0 or π .
Recall the modulation process as described in Section 4.2,
the information is modulated on the continuous square wave-
form at shifting frequency ∆f . The lower part of Fig. 14
shows an example. Suppose that the tag happens to transmit
3 symbols all representing bit 1, then the tag just chooses the
square waveform with initial phase 0 to perform modulation
as shown in the figure; however, we can see that the initial
phase of symbol 2 are different from the other ones, because
the duration of the symbol is not necessarily equal to the
integer multiple of the square wave’s period. This results in
that the tag is actually transmitting 1, 0, 1 instead of 1, 1, 1.
We now calculate the exact difference between φr and

φt introduced in backscatter. Calculating the value of φr as
shown in the upper part of Fig. 14, we have to take CP into
account. If we use r [n] = e−j2πN∆F ·n∆T to denote the refer-
ence signal waveform after sampling, since CP is the last
1
4 of the sampled waveform itself (totally contains 64 sam-
ples), then φr = 2πN∆F · 48∆T , where ∆F is the frequency
spacing of OFDM subcarriers (0.3125MHz in 802.11g), ∆T
is the sampling period ( 1

20MHz in 802.11g as the sampling
frequency is 20MHz), and N is the subcarrier’s IFFT index
(0-63) as shown in Fig. 4. We finally have φr = 2π · 3N

4 .
The value of φt varies in different symbols as shown in

Fig. 14. For the square wave, the initial phase of them-th sym-
bol is φt = 2πNt∆F · 1

fsym
m, where fsym = 250KHz denotes

the symbol frequency in 802.11g, and Nt is the index gap
between the subcarrier for generating CW and the subcarrier
allocated to the tag; therefore, we finally haveφt = 2π · 5Nt

4 m.
If we try every possible combination of Nt and N in a given
design, then we can find that the possible values of φr − φt
are 0, π2m, πm, 3π

2 m respectively. Those are extra phase off-
sets between φr and φt excluding the phase offset conveying
information, which corroborates the phenomenon as shown
in Fig. 11 (c).
In practice, the tag has the information of Nt , N andm,

thus it can compensate the extra phase offset and then the
decoding is normal.
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6 IMPLEMENTATION
We implement a prototype as shown in Fig. 15. We useWARP
v3 boards [29] to implement the transmitter and the receiver
functionalities described in previous sections; the SSB mod-
ule of the tag is implemented with COTS components in the
similar way with the HitchHike tag [4]. We implement an
enhanced tag by combining 4 SSB modules of regular tags,
where we use an 8-way power spliter/combiner SEPS-8-272+
to separate the CW to 8 ways.

All baseband processing functions including synchroniza-
tion, demodulating and responding to the control message,
BPSK/QPSK modulation and frequency shifting clock choos-
ing are written in VHDL, which are realized on a DIGILENT
NEXYS4 FPGA development board [34]. The digital pins
of the FPGA are connected to the tag to have access to the
received signal and output control signals to the state switch.
7 EXPERIMENTAL RESULTS
7.1 Synchronization Robustness
The tag subsystem is the main source of time and frequency
offsets in OFDMA backscatter as described in previous sec-
tions. We here investigate to what extent our prototype can
tolerate tags’ uncertainties that can essentially impact the
system operation. The experimental results also verify that
the inherent CP design of the 11g OFDM framework and our
model design indeed make it possible to realize synchroniza-
tion for OFDMA backscatter as analyzed in Section 3.

Impact of delay. The tag subsystem incurs 3 kinds of
delays: the circuit delay, tx-to-tag preamble processing delay
and the propagation delay, which canmake the backscattered
symbol arrive at the receiver at different time points, and
cause the static phase offset as described in Section 5.1. We
here verify if the CP (0.8µs) in the OFDMA backscatter sys-
tem can neutralize such delay effect. We create an equivalent
aggregate delay by adjusting the starting point of the symbol
clock on the tag with a delta ranging from −2µs to 2µs , and
observe the consequent BER and raw throughput. It can be
seen from Fig. 16 that the delay tolerance of the system is
up to 1µs in practice, which is close to the theoretical value.

In particular, consider the delay between the preamble and
the backscattered symbol as shown in Fig. 12, which contains
the 3 kinds of delays as mentioned above. In practice, the
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Figure 16: The BER and throughput for different delay
evaluation.

propagation delay is determined by the relative positions
of the tx, tag and rx. That is, the tx-rx distance (d1) deter-
mines the time point at which the preamble ends; the tx-tag
(d2) and tag-rx (d3) distances partially determine when the
backscattered symbol starts. In the worst case, tx is in be-
tween the two tags and rx is on the left/right side of the
leftmost/rightmost tag, which creates the greatest propaga-
tion delay 2d2

c = 26.6ns (c is the speed of light).
The circuit delay and tx-to-tag preamble processing delay

are the other two factors influencing when the backscattered
symbol starts. Note that the symbol rate of the OOK signal
is only 250kps , which is much lower than the sampling clock
frequency of the FPGA (tens ofMHz) thus incurring ns delay.
We randomly select two tags and place them in the same
position, and connect tags with an oscilloscope to examine
the starting time point the tag is triggered. Such experiments
are repeated until all the tags have been examined, and the
results show that one tag can be triggered at most 20ns after
the other one. This verifies that these two kinds of delay
in aggregation are in the order of tens of ns . In summary,
the 3 kinds of delays in aggregation are tens of ns , which is
much less than the CP duration 0.8µs; therefore, the time
synchronization can be definitely guaranteed.

Impact of symbol clock synchronization. The symbol
clock in the excitation signal transmitter and that in the tag
should be synchronized, which in our system is realized by
the tx-to-tag preamble as shown in Fig. 7. Such synchroniza-
tion is important in realizing OFDMA backscatter, because it
allows the transmitter and tags to agree on the starting point
and duration of the OFDM symbol. We here examine perfor-
mance of our synchronization mechanism. In the experiment,
we change the tag’s symbol clock by changing the value of
the fraction counting clock. The results are shown in Fig. 17,
we can see that if the clock offsets are within -2% to 2%, the
performance is not significantly impacted. This validates the
feasibility of our synchronization design, because the clock
design implemented with the COTS electronic components
can easily provide much higher accuracy.

Impact of subcarrier frequency offset. The subcarrier
frequency offset is incurred by the on-tag clock when per-
forming frequency shifting, which potentially impacts the
subcarriers’ orthogonality. In this experiment, we assign sub-
carriers #23, #24 and #25 to three different tags, where we
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Figure 17: The BER and throughput for different sym-
bol clock offset evaluation.
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Figure 18: The BER and throughput of different shift-
ing frequency offset evaluation.
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Figure 19: The BER and throughput with mobility.

purposely change the frequency of subcarrier #24 by a delta
ranging from -250kHz to 250kHz. The consequent BER and
raw throughput of the three tags are shown in Fig. 18. It can
be seen that the subcarrier frequency offset’s interference
to nearby subcarriers #23 and #25 is quite limited compared
with that to subcarrier #24 itself. We also conduct such exper-
iments to other three sequential subcarriers and the results
are similar. The tolerance to the subcarrier frequency offset
is related to the subcarriers’ frequency spacing in the OFDM
mechanism. The results indicate that if the frequency shift
operation in the tag yields a subcarrier within around 1%
frequency drift, the performance of the backscattered sub-
carriers will not be impacted. This can be easily satisfied by
the COTS electronic components.

Impact of mobility. We here test the possible impact
of tag mobility, which is important for applications such
as wearable devices. We put the tag 0.5m away from the
transmitter and make the tag move along 5 tracks. Track 1
means static, track 2 is to move in the left half-plane of the
line segment formed by the transmitter and the tag, track 3
is to move in the right half-plane, track 4 is to move in the
3D space, and track 5 is to move forward and backward to
the transmitter. The results are shown in Fig. 19, where it
shows that although the mobility could potentially incur the
sub-carrier phase offset, the actually impact is very limited.

7.2 Performance of OFDMA Backscatter
After verifying the feasibility, we now comprehensively ex-
amine performance of the OFDMA backscatter system in the
environment as shown in Fig. 15. We utilize channel coding
when conducting communication experiments in order to
explore the best the system can achieve.

Power consumption. We design an integrated circuit
for the tag’s digital processing module and perform sim-
ulations to measure the tag’s power consumption. In our
design, the frequency synthesizer is realized by All-Digital
PLL, which uses time-to-digital converter (TDC) combined
with 8-phase (4 stages) differential ring oscillator (DRO) as
the digitally-controlled oscillator [28]. DRO based design pro-
vides 8 outputs at the same frequency with required phase
offset (0, π4 ,

π
2 ,

3π
4 ,π ,

5π
4 ,

3π
2 and

7π
4 ) which benefits the PSK

modulation. The TDC design makes flexible subcarrier allo-
cation of OFDMA attainable. The power consumption of the
frequency synthesizer is 0.47µW /MHz.

In our system, the clock frequency is the shifting frequency
∆f . The frequency is integer multiples of the subcarriers’
frequency spacing, which means that ∆f = Nt∆F = Nt ×

0.3125MHz where Nt={1:5 7:19 21: 26 28:33 35:47 49:53} is
the number of intervals between CW subcarrier and the tags’
allocated subcarrier. Consequently, the power consumption
of on-tag clock is PC = 0.47 × Nt × 0.3125µW , ranging from
0.15µW to 7.78µW . The processor takes the payload bits
as input and performs the baseband processing procedure
as is done in the FPGA. We use VHDL code verified in the
FPGA implementation, the Synopsis Design Complier and IC
Complier with 40 nm LP CMOS node by TSMC to generate
the transistor level implementation. The simulated power
consumption of the digital part is PD = 17.5µW . For the SSB
module of the tag, the power consumption is only caused
by the two RF switches. The calculation is the same as in
[6]. The power consumption of one SSB module is linearly
related to the switching frequency, which means that PSSB =
2×21µW× 1

20MHz×Nt×∆F , ranging from 0.66µW to 34.78µW .
In summary, the overall transmitting power consumption of
the OFDMA tag implementation is conservatively estimated
to be 18.31-60.06µW .

The power consumption of the enhanced tag can be com-
puted in the similar way. The enhanced tag implemented
in this work consists of 4 SSB modules and corresponding
clock and processing core; therefore, the power consumption
is the sum of PC , PSSB with 4 different Nt = {8 12 16 22}
and 4 times the core power consumption PD . That is, Pt =
PC−8 +PC−12 +PC−16 +PC−22 +PSSB−8 +PSSB−12 +PSSB−16 +
PSSB−22 + 4 × PD = 116.58µW .

Capacity and concurrency. We conduct experiments
to show that our OFDMA backscatter system can support
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Figure 20: Capacity and concurrency with BPSK.
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Figure 21: Capacity and concurrency with QPSK.

48 tags’ concurrent transmissions. Those 48 tags are ran-
domly placed in 4m neighborhood of the transmitter and
the receiver is 10m away from the transmitter. The 48 data
subcarriers in 802.11g are assigned to those tags respectively;
tags cyclically transmit 5M data upon receiving the excita-
tion signal, which are in the form of frames and stored in
the connected FPGA. We have a video to demonstrate this
experiment [42].
Figure 20 illustrates the experimental results with BPSK

and 1
2 coding rate. The vertical axis of BER subfigure is in

logarithm, and we purposely set those 0-valued BER to be
2 × 10−5 for convenience of demonstration as there is no
definition of loд100. The pilot and null subcarriers are not
used to transmit data, thus the corresponding throughput
and BER readings are set to be 0 and 1×10−5 respectively also
for convenience of demonstration. We can see that the BERs
of those tags vary from the level of 10−5 to 10−2, and the cor-
responding throughputs range from 114.3kbps to 63.6kbps .
The throughput is the number of bits in all correctly received
frames per second. For the total 5M data transmitted by a
tag, the lowest BER is in the level of 10−5; when the BER
is in the level of 10−2, it is reasonable that the correspond-
ing throughput reduction is about 50kbps as shown Fig. 20.
We can see that a number of BERs are in the level of 10−3,
thus the corresponding throughput reductions of the tags
are around 5-10kbps , because it may happen that a number
of bit errors occurring in the same data frame, which also
influences the throughput calculation. The network capacity
(maximum aggregate throughput) of the system is 5.2Mbps .
Figure 21 shows the experimental results with QPSK and 3

4
coding rate, where the capacity of the network can achieve
16Mbps with 48 tags transmit concurrently.

LOS range. We select 3 subcarriers from the previous
experiments to examine the communication range. In partic-
ular, we set the tx-tag distance to be 1m as in [3, 4, 7] to make
a fair comparison. We change the tag-rx distance to observe
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Figure 22: LOS BER and throughput.
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Figure 23: NLOS BER and throughput.

the obtained BER and throughput, with BPSK and coding
rate of 1/2. Figure 22 shows the results, which indicates that
the communication range of OFDMA backscatter system
is at least 100m in our system. The backscatter signal is a
narrow-band one, which yields a higher SNR compared with
the wide-band counterpart as in previous works [3, 7]. This
makes the signal receiving module in the tag able to detect
the backscattered signal in a longer distance. Meanwhile,
we can see that each tag can maintain the throughput of
110+Kbps , which can meet connectivity needs of most IoT
applications featured by short bursts of data.
Note that the SNR is expected to drop as the tag-rx dis-

tance increases, but we can see from Fig. 22 that the BER
and throughput do not change dramatically. This is because
the data sending rate of the tag is less than the tag-rx chan-
nel capacity; moreover, the multipath effect and the on-site
interference from other Wi-Fi APs make the rx SNR incon-
sistent with that in the ideal free path loss situation. This
also explains phenomena indicated by Fig. 23.

NLOS range. In the NLOS scenario, we locate the trans-
mitter and tags in a room, and the receiver outside of the
room in the corridor. The corresponding performance of
three tags is evaluated also with changing tag-rx distance.
Figure 23 shows that the maximum communication range is
12m in the NLOS case. It is difficult to make a relative fair
comparison with the existing design in the NLOS scenario,
as the building materials and floor plans are different. In fact,
the NLOS issue also occurs in regular Wi-Fi systems, for
which the extenders/boosters are used. Such solutions also
can be applied to Wi-Fi backscatter systems.

Enhanced OFDMA tag. The enhanced tag is allocated 4
subcarriers with indices [#-25 #-24 #-23 #-22] using BPSK,
which performs backscatter with other 44 tags concurrently.
The introduction of the enhanced tag does not impact the
system capacity, and the enhanced tag itself can achieve
430Kbps in the range of 35m, which is almost 4× of the
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Figure 24: BER and throughput of enhanced tag.
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regular tag’s data rate. Figure 24 shows the performance of
the enhanced tag with different distances from the receiver.
We can see that the maximum communication distance is
45m, which is shorter than that of the regular tags. This is
because the power of CW is divided into 4 parts to generate
4 subcarriers.

Coexistence with other Wi-Fi systems. OFDMA back-
scatter system coordinates channels with other Wi-Fi sys-
tems using RTS and CTS messages as in [3]. In the experi-
ment, we use a laptop with Intel(R) Dual Band Wireless-AC
3165 Wi-Fi chipset and a NETGEAR Nighthawk AC1900
wireless router to act as the transmitter and receiver of a Wi-
Fi system, and use iPerf3 [41] to record the corresponding
TCP throughputs as experimental results. The devices are
transmitting at the highest data rate of 802.11g in CHANNEL
1 of 2.4G frequency band. We compare the performance of
the Wi-Fi system in the presence of two devices: 1) another
Wi-Fi router transmits every 10ms, and 2) the OFDMA back-
scatter system turned on every 10ms. Figure 25 plots the TCP
throughput and shows that our system has a similar impact
on the Wi-Fi transmission as the regular Wi-Fi transmitter.

8 DISCUSSIONS
Tx-tag range. The limitation that existingWi-Fi backscatter
systems [3–5] including ours have in common is the short
tx-tag range, which is affected by the sensitivity of the on-
tag receiver. In particular, higher sensitivity of the tag’s re-
ceiver could allow longer range but incur considerable more
power consumption, and lower sensitivity can save much
power but results in short tx-tag range [3]. However, the
high concurrency of our backscatter system still could be uti-
lized in the scenario where IoT devices are super-densely de-
ployed, such as the wireless avionics intra-communications
(WAIC) [37, 38]. The purpose of WAIC is to replace the data-
carrying wires in the widebody passenger jet with wireless
links, which could save about 1.8 tons of the aircraft’s weight

and reduce the corresponding wiring complexity and uncer-
tainty [38]. For example, there are more than 68-250 sensors
in every single meter of the Airbus A380 [39, 40], and the
wingspan and the body length of the aircraft are 79.75m and
72.75m respectively; therefore, the current tx-tag range of
our approach is still usable for the scenario.

Enhance capacity and concurrency further. Our de-
sign in the paper utilizes 1 of the 11 channels regulated
by Wi-Fi in 2.4GHz band. In fact, there are totally 3 non-
overlapping channels in the band, which could improve the
concurrency to be 3 × 48 = 144. In particular, we need to in-
stall 3 independent excitation signal transmitters, with each
working in a non-overlapping channel; moreover, we must
prevent the tag from performing frequency shift and back-
scatter to the other 2 excitation signals, which is factually to
prevent assigning 3 subcarriers in the 3 channels to a single
tag for interference avoidance.
The challenge could be finding an appropriate bidirec-

tional passive RF filter with the passband approximately
equal to the bandwidth of a single Wi-Fi channel. We have
utilized the LC RF filter [36] to verify the feasibility of the pre-
liminary idea; however, the filter’s passband is much wider
than the bandwidth of a single Wi-Fi channel, which hinders
scaling up the system. We still do not find such an appropri-
ate RF filter as of writing of this paper.

Moreover, we note that the OFDM mechanism of 802.11n
and 11ax [16] are very similar with that of 11g in structure;
there are only some differences in parameter values such as
the frequency spacing and CP length. If the feasibility and
robustness can be verified with experiments as described in
Section 7.1, then it is possible to realize our OFDMA back-
scatter design also in 11n/ax, which possibly can support
108-1000 tags to transmit concurrently. The potential chal-
lenge is that the frequency-shift operation across 80MHz
requires higher frequency and more accurate clock in the
tag, which could incur more power consumption.

COTS deployment. To realize the proposed mechanism
in COTSWi-Fi APs, the IFFTmapping strategies, AGC, phase
estimation and Viterbi decoding modules need to be mod-
ified. Wi-Fi chips normally contain several IFFT mapping
schemes so that it can switch among different standards such
as 802.11g/n/ac/ax; therefore, it may be possible to add the
mapping scheme for OFDMAbackscatter as another one. The
bypassing could be implemented by leveraging the chip’s
debugging pins. To reduce modifications to accommodate
the COTS device, an option is to transmit OOK signal be-
fore preamble, which enables tags to generate the LTS of the
preamble; however, the problem is that an LTS synthesized
by the tags will impact the LTS-based fine synchronization,
such as timing and CFO correlation between transmitter and
receiver, which will crush the whole system. How practical
deployment of OFDMA backscatter can be realized is highly



dependent on implementation details of COTS Wi-Fi chips,
which however are usually undisclosed information to the
best of our knowledge.

9 RELATEDWORK
Early Wi-Fi backscatter systems leverage the Wi-Fi signal in
the air as the excitation signal, which results in limited data
rate and backscatter range, since the excitation signal and
the backscattered signal at the same frequency incur self-
interference [1, 2]. Recent designs present novel ideas to deal
with the issue: Frequency shift based systems such as Passive
Wi-Fi make the tag to shift the CW from the excitation signal
generator to another non-overlapping frequency band the
receiver is listening [3, 6, 7, 20]; Codeword translation based
systems such as FreeRider make the tag to transform the
codeword presented in the excitation signal into another
valid codeword in the same codebook to convey information
to the receiver, which can be accommodated by commodity
Wi-Fi devices [4, 5].

However, the existing Wi-Fi backscatter systems men-
tioned above basically coordinate transmissions among tags
in sequence [5]. Such an approach can be equivalent to
the multiple access scheme in commodity RFID systems
based on the frame slotted aloha and tree-based arbitration
[5, 14], where the inefficiency has long been acknowledged
[11, 12, 14]. In fact, TDMA/FDMA/SDMA/CDMA based ap-
proaches have all been investigated in the past decade but
found incurring high coordination overhead or co-location
interference for backscatter systems [8–15]. Recent works
improve backscatter communication efficiency by decoding
collided transmissions based on tags’ features in the IQ and
time domain [11, 13–15], which achieves 4Mbps aggregate
throughput theoretically [12, 14, 15]. The OFDMA scheme
is still not realized in any backscatter system to the best of
our knowledge.

Our work in this paper adopts the frequency shift method
to avoid self-interference [3, 6, 7], but differs from the prior
work in the following critical ways: 1) Prior works are based
on single-carrier modulation, while our backscatter system
is based on the multi-carrier modulation technique. 2) Prior
systems control the tag backscattering only in the time do-
main, where shifting frequency is fixed in each tag, while our
system enables controlling in both time and the frequency
domain, which provides high concurrency.
Interscatter and FreeRide system can realize backscatter

communication with OFDM signals from commodity de-
vices as excitation signals [5, 7]. In particular, Interscatter
transforms 802.11g Wi-Fi device into the AM modulator to
encode bits with OFDM symbols, FreeRider backscattering
device performs codeword translation to OFDM signals to
convey bits to the receiver. The reflecting device in our sys-
tem however encodes bits with the OFDM subcarrier locally

generated from the CW. Moreover, Interscatter and FreeRide
are unable to support concurrent transmissions from multi-
ple tags, where tags must transmit in sequence. It is worth
mentioning that the way we utilize OFDM in this paper is
similar with the Distributed OFDM (D-OFDM) mechanism
in SNOW [21], where the spectra components from an ag-
gregate OFDM signal are extracted and allocated to different
sensors; however, SNOW is realized over TV white spaces
without supporting backscattering.

The recently proposed NetScatter system [22] can support
256 concurrent backscatter transmissions, which utilizes a
combination of chirp spread spectrum (CSS) modulation
and ON-OFF keying. Given the bandwidth, the number of
concurrent transmissions can be supported by NetScatter is
determined by the spacing of initial frequencies of upchirps
allocated to tags, while ours by the spacing of orthogonal
subcarriers’ frequencies, which both require the upchirps
(subcarriers) to be orthogonal to each other; therefore, the
spectrum efficiency of the two systems are the same ac-
cording to information theory. Our proposed mechanism
targets at supporting Wi-Fi systems, thus the concurrency
is constrained by the OFDM framework regulated by Wi-Fi
standards. More concurrency can be supported in the new
OFDM framework where more subcarriers can be provided
as discussed in Section 8.

10 CONCLUSION
We have demonstrated how to enable OFDMA inWi-Fi back-
scatter for capacity and concurrency enhancement. With our
approach, OFDMA is realized by coordinating tags to gener-
ate orthogonal subcarriers concurrently through backscatter.
The crux is to achieve strict synchronization among com-
munication components. We have revealed how the subtle
asychnronization scenarios particularly for backscattering
can incur system offsets, and presented a series of novel de-
signs for the excitation signal transmitter, tag, and receiver to
address the issue.We have built a prototype in 802.11g OFDM
framework to validate our design. Experimental results show
that our system can achieve 5.2-16Mbps aggregate through-
put by allowing 48 tags to transmit concurrently, while con-
straining the tag’s power consumption in tens of µW . This is
1.45-5× of capacity and 48× of concurrency compared with
the existing design respectively.
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