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Abstract

To improve the resolution of passive radar target recognition based on WiFi signals, a composite preamble scheme is
proposed. In addition, a composite approach combined with cancelation and decomposition in an interior scenario is
studied. With this method, short sensing signals, such as chirps with no extra bandwidth, are overlayed onto a long
WiFi preamble (802.11a) in the time domain. After detection and coarse sync using the short preamble at the Rx side,
most of the chirp signal is removed prior to fine channel estimation (CE). Although the slight influence on CE may
cause a fractional increase in the relative constellation error, the method can obtain a higher communication
performance than normal multiplex integration. Finite-difference time-domain (FDTD) simulations show that when
the same time-domain features are extracted, the composite signal provides a better recognition effect than when
only using the WiFi preamble. The method is useful for health care such as elderly toilet/bathroom standing/lying
detection, or device-free people counting.
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1 Introduction
The Internet of Things (IOT) is being propelled by the
convergence of sensing, communication, computing, and
control. Integrated smart sensing and communication is
a hot issue for communication terminals. It is impor-
tant in the fields of health care, military, transportation
[1], industrial monitoring, border patrol, etc. The key to
signal integration is to design a waveform that simultane-
ously provides the functionalities of communication and
sensing.
Traditional radar technology, such as bistatic radar [2],

was initially used for smart sensing. Then, in [3, 4], WiFi
signals were used for human fall detection and gesture
recognition, [3] reported 87% or 90% fall detection accu-
racy whenmagnitude of CSI or the phase difference across
multiple antennas was used, and [5, 6] discussed multi-
static passive radar using WiMAX and RFID; however,
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their sensing resolutions were generally relatively limited.
Yu Guo, Usman Mahmood, Zhong et al. [7–9] used deep
learning/SVM classification based on privileged informa-
tion or fourth-order cumulant to improve recognition
correctness. On the other hand, to achieve higher resolu-
tion, certain signals suitable for sensing have been used to
recognize and transmit data simultaneously. For example,
LFM-MSK or FMCW [10] based on chirp signals, are used
for integrated systems with relatively low data rates; in
[11], pulse waveform OFDMwas used for high-resolution
detection, although its synchronization is costly.
Various multiplexing-based methods, such as time [1],

frequency [12], code [13], and spatial-division multiplex
integration [14], have also been proposed, whereby both
data rate and sensing resolution can achieve a relatively
high performance. Moreover, cancelation technology is
used to reduce interference between the sensing carrier
and the transfer sub-carrier in MIMO-OFDM integrated
systems [15]. Mark Roberton proposed a chirp spread-
spectrum signal [16], with the help of de-spreading to
reduce mutual interference.Then long pseudo random
code is generally needed and data rate is affected. In [17],
CP-basedOFDMhigh-resolution imaging, which requires
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a sufficient cyclic prefix, was proposed. Multiplex mode
generally requires more resources.
A composite integration is proposed in this paper. Our

main contributions are as follows. (1) A composite pream-
ble scheme is proposed to improve the target recognition
resolution of passive radar using WiFi. Thereby, a higher
communication performance than normal multiplex inte-
gration can be obtained. The composition can only be
applied at the Tx side. It can also be applied at both the
Tx and Rx sides, which means that the preamble at the
Tx and Rx sides can be replaced by the same compos-
ite preamble simultaneously. (2) The synthesis can be in
the time domain, or in the frequency domain which pos-
sesses good autocorrelation, anti-fading performance and
sharper ambiguity function. Thus, the channel estima-
tion of the long preamble is retained, and its recognition
resolution is improved. (3) In this paper, a time-domain
composite at the Tx side combined with cancelation and
decomposition is studied. We verified that the method
can improve the resolution of object recognition for inte-
rior scenes. The scene can be empty; it can also include
some fixed arrangement. And we are adding more perti-
nent recognition test for application-specific scenario; we
will also focus on applying suitable composite(such as f-
domain composite) preamble at both the Tx and Rx sides
next; there would then be no need to consider the effects
of deletion and residues.
In this paper, we emphasize the time domain. The wave-

form of the data section varies with the transmitted data,
and it is rather complex for use in recognition tasks [4].
Thus, we use the preamble, and a short sensing signal,
such as a chirp with no extra bandwidth, is overlaid onto
the long preamble of 802.11a WiFi [18]. After detection
and coarse sync at the Rx side, the pre-process or pre-fade
chirp signal is removed according to k · Tstep based on the
coarse sync and using a parallel correlator [19, 20]. Here,
Tstep is the delay increment step, k = 0, 1, 2. . . . Then,
the residual jamming signal is decomposed when the
long preamble makes correlation with many correspond-
ing delays local sequences (Fig. 2b). OFDM can be used
to transfer data at high speed in the data section, and the
sensing part is easy to extract. A small constant-amplitude
overlapping chirp at the transmitter has a minimal effect
on the peak-to-average-power ratio (PAPR). The power of
the overlapping signal can be easily adjusted according to
the sensing precision and CE precision, and the system
change is smaller than time multiplex integration [1]. The
FDTD simulation shows that the composite signal pro-
vides better recognition performance than simply using
the WiFi preamble. Although there is a slight influence on
frequency offset (FO) estimation and frequency-domain
equalization (FDE) [21], which may cause a fractional
increase in the relative constellation error (RCE) [18],
the method still has a relatively high data transmission

capacity. The method is useful for device-free people
counting [22] at the entrance, such as making a distinction
between adults and children. And it is useful for fall detec-
tion in toilet/bathroom, etc, such as there was a nearly
100% human standing/lying recognition accuracy in the
simulation in this paper when preamble signal was used.
The remainder of this paper is organized as follows. The

scheme of the signal composite integration is introduced
in Section 2. The principle and scheme of the separation
method are introduced in Section 3. Section 4 presents
the FDTD-based simulation results and discussion. The
conclusion is provided in Section 5.

2 Methods of the composition
To improve the recognition resolution of WiFi signals and
reduce the impact on communication, a short sensing sig-
nal is overlaid onto its long preamble, with neither extra
bandwidth nor time slots required, as shown in Fig. 1. The
data section varies with the transmitted data; it is too com-
plex to be used for recognition [5]. Therefore, we use the
preamble. The duration or power of the overlapping can
be adjusted.
The composite preamble signal is expressed as (1, 2),

where La(t) is time domain of the 802.11a long preamble,
L is frequency-domain, L={00000, 1, 1,−1 . . . 1, 1, 000000}
and La(t)= ∑

k
Lk ·exp(j2πk�Ft) = IFFT(L) [18]. s(t) is the

short sensing signal, TL and Tchrp are the duration times
of La(t) and s(t), respectively.

Pr(t) =
⎧
⎨

⎩

La(t) 0 ≤ t ≤ TL − Tchrp
La(t) + s(t) TL − Tchrp < t ≤ TL

0 else
(1)

Prr(t) = IFFT[ L + ks · abs(FFT(s(t)))] (2)
Figure 1c shows that both of the compositions have good
autocorrelation. However, for the reason that the overlaid
signal is an envelope signal, anti-fading performance of
composition (1) is slightly worse when CE is performed,
(1) is not quite suitable for replacing original preamble
at both Tx and Rx sides directly. So in this paper, we
emphasize the time-domain composition at Tx side; and
the sensing signal s(t) is removed and decomposed at Rx
side. Composition in f-domain (2) will be researched next.
Here, we select a chirp as the sensing signal, and we use

the composite fragment La(t) + s(t)for recognition. s(t)

can be expressed as s(t) = U(t)e−j2π t
(
f0+ 1

2 fslope·t
)

, where
fslope is the slope and U(t) is the roughly constant enve-
lope pulse in this paper. If the power of the chirp Pchrp is
less than 1.2 times the long preamble PL, recognition cor-
rectness will not increase noticeably (Fig. 4a); therefore,
Pchrp should be > 1.2PL. On the other hand, if Pchrp is
too large, it will seriously affect the fine FO estimation or
RCE. For example, when Pchrp > 2PL, the FO estimation
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Fig. 1 Signal composition integration. a Overlaying the sensing signal onto WiFi. b Ambiguity function with different fslope. c Autocorrelation of
composition

correctness will greatly decrease, and FDE cannot be com-
pleted (see Figs. 4b and 7a). Moreover, when Pchrp = 2PL,
a satisfactory increase in the recognition correctness can
be obtained (Fig. 9). Thus, 1.2PL < Pchrp ≤ 2PL is
recommended.
With the same power Pchrp, a longer Tchrp results in a

more serious influence on FO estimation and FDE. In the
case of Pchrp = 1.2PL, when Ts = 1 us, the correctness
will greatly decrease as well (Fig. 4b). Thus, Pchrp cannot
be smaller, and therefore, Ts1 us is required. On the other
hand, if Tchrp is too short, an insufficient number of sam-
ple points will be obtained, and the recognition task will
not be performed accurately. As described by the USRP
(Universal Software Radio peripheral) data sheet [23], if
we set the front-end sample rate as fs = 200MHz andTchrp
< 0.25 us, < 50 sample points can be used for recogni-
tion, which cannot achieve complete complex recognition.
In addition, considering that general radar signal process-
ing boards support higher fs, we emphasize fs = 200 and
400 MHz and Ts = 0.5 us in the FDTD simulation in this
paper.
With the same duration and bandwidth, fslope of the

chirp signal modulated with single-side band (SSB) tech-
nology could have a greater value than DSB. 802.11a uses a
bandwidth of 20 MHz [18]; when the chirp signal is mod-
ulated with DSB, its fslope can be less than approximately
20 MHz/us (here, Ts = 0.5 us). Then, it would occupy a
bandwidth of less than 20 MHz. On the other hand, when
modulated with SSB, its frequency change rate fslope can

be less than approximately 40 MHz/us. Equation (3) is the
ambiguity function of the chirp signal [24]. We can see
that a larger fslope results in a more pronounced spike and
higher resolution. Figure 1b shows the ambiguity function
with different fslope without extra bandwidth.

∣
∣x(τ , fd)

∣
∣2 =

{ ∣
∣(Tchrp − |τ |) · sin c((fd − fslopeτ)(Tchrp − |τ |))∣∣2 |τ | < Tchrp

0 else

(3)

3 Methods of cancelation and decomposition
The composite signal can be used for recognition. In
addition, when channel estimation (CE) is performed,
the chirp signal should be removed. Figure 2 shows the
scheme for extracting the sensing part and the scheme for
removing when CE. After detection and coarse sync by
the short preamble at the Rx side, the pre-process chirp is
removed according to k · Tstep based on both the coarse
sync (k = 0, 1, 2, . . .) and the sliding parallel correlator
[20, 21, 25]. Then, the residual jamming is decomposed
when the long preamble makes a correlation with local
sequence and makes FFT for FDE.

3.1 Removing overlapped signal
To guarantee the channel estimation performance of the
synthesis preamble, before being correlated with multiple
delay-different k ·Tstep local sequences, the corresponding
phase chirp is removed according to k · Tstep based on the
coarse sync (k = 0, 1, 2, . . .). Here, we use a sliding parallel
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Fig. 2 Separate sensing and CE based on 802.11a. a Separate FO estimate, FDE and sensing. b Removal based on sliding parallel correlator

correlator to fine tune the sync. Based on the coarse sync,
parallel correlators do not require too many resources. In
addition to the chirp signal on the Tx side, it can be con-
sidered for removing pre-fade or pre-processing the chirp
signal. Here, the pre-processed signal is defined as

Spre(f ) = H(f ) · S(f ) + Ni(f ) (4)

where S(f ) is the chirp signal on the Tx side, and H(f )
is the transfer function of the interior scene without
the sensing object and no people (It can be empty or
include some fixed arrangement). Spre(f ) can be recorded
in advance for a given scenario, where the locations of the
transmitter and receiver are fixed and there are neither
sensing objects nor people. The interior scene could be
viewed as a waveguide; we use the FDTD method [26, 27]
to achieve accurate computation.
The insertion of the sensing object will cause a distur-

bance in the electric field distribution. Let H ′(f ) denote
the new transfer function, and the received signal is Sr(f ).
Then,

Sr(f ) = H ′(f ) · S(f ) + Ni(f ) (5)

After removing the sending S(f ) or pre-processed Spre(f ),
the remainder are Srest(f ) or Sprest(f ), respectively:

Srest(f ) =[H(f ) − 1] ·S(f ) + Ni(f ), and (6)
Sp_rest(f ) =[H(f ) − H ′(f )] ·S(f )+[Ni(f ) − N(f )]

In real applications, Srest(f ), Sp_rest(f ) or their mean value
can be measured; they can then be compared to decide
which should be removed. In this paper, the sensing
objects are mainly hollow balls with diameters of 21 cm
and 22 cm, the disturbance is small, and we select pre-
processed signals for removal in our simulation test.
Figure 3 shows the Spre(f ) and Sr(f ) signals recorded

by the recorder of the FDTD simulation; here, after the
FDTD calculation, we introduce noise with an SNR of
6.5 dB. In addition, when we perform FO estimation, FDE
and recognition tests, [− 4∼16 dB] SNRs are considered
in Figs. 4, 9, and 10. The dotted line represents Spre(f ),
and the solid line represents Sr(f ) with the object. We can
see the difference caused by the insertion of the sensing
object. Table 1 shows the removal of the residue in our
study.
There are certain requirements on the front-end sample

rate at the Rx side. Considering the 20 MHz bandwidth
limit of 802.11a WiFi, see Table 1 for the main parameters
of the chirp overlapping and removal in our study.
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Fig. 3 Difference in received signal caused by sensed object

a

b

Fig. 4 Frequency offset estimation result. a Canceling and decomposing vs. only de-spreading. b Powers of chirps overlapped are different
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Table 1 Residue vs. sync precision

Chirp fslope Sync precision Tstep Residue ratio w

≤20 MHz/us 5 ns 50%

≤40 MHz/us 2.5 ns 43%

3.2 Residual decomposition andmarginal impact on CE
There is a residual after removal due to the sync precision
and nonlinear variations. The residual will be decomposed
when the long preamble makes a correlation for the time
sync and fine FO estimation; it will also be decomposed
when the FFT is performed for frequency-domain equal-
ization. Here, we focus on fine FO estimation for illus-
tration. We use a step-search method, where fstep is the
step size in the search. Pr(t) is the composite preamble at
the transmitter, as shown in Eq. (1). P′′

r (t) is the received
composite preamble at the receiver after coarse offset cor-
rection, and its discrete form is P′′

r (n) = Pr(nTs)ej2π f�nTs .
Here, f� denotes the residual fractional offset and
f� ∈[ fmin, fmax] .
Let Lak(n) = La(n)ej2π(fmin+k·fstep)nTs , denote multiple

different FO local sequences, k = 0, 1, 2,. . . . Then,

zk =
l∑

n=1
P

′′
r (n) · Lak(n)∗

=
l−i∑

n=1
La(n)ej2π f�nTs · Lak(n)∗

+
l∑

n=l−i+1
(La(n) + s(n − l + i))ej2π f�nTs · Lak(n)

=
l∑

n=1
|La(n)|2 ej2π(f�−fmin−kfstep)nTs + δ (7)

Equation (7) shows that the received composite pream-
ble correlates with the different local FO sequences. l is the
sample point number of the entire received long pream-
ble (P′′

r (t)), and i is the sample number of the composite
fragment [ La(t) + s(t)] ej2π f�nTs . In this paper, i = 200;
l = 2560 when fs = 400M,Tchrp = 0.5 us,TL = 6.4 us; see
Table 2 in Section 4.When (fmin+k · fstep) = f�, zk obtains

its maximum value
l∑

n=1
|La(n)|2, and f� can be estimated

as f� = arg
k

max(|zk|) · fstepfmin.

Table 2 Integrated signal parameters

Duration Period Average
power

Tstep

Long
preamble

TL = 2TFFT =
6.4 us

TFFT = 3.2 us PL Tstep = 5 us

Chirp
overlapped

Tchrp=0.5 us a Chirp/
preamble

Pchrp =
1:2∼2PL

δ in Eq. (7) determines the influence of the overlap:

δ =
l∑

n=l−i+1
s[ (n − l + i)] ·L∗

a(n)

≤
l∑

n=l−i+1

∣
∣s[ (n − l + i)] ·La(n)∗

∣
∣

When |La(n)| is a roughly constant envelope, the induced
relative error �δ can be estimated as

�δ = δ

l∑

n=1
|La(n)|2

≤

l∑

n=l−i+1
|s[ (n − l + i)Ts] ·La(n)∗|

l∑

n=1
|La(n)|2

≤

l∑

n=l−i+1
|s[ (n − l + i)] |
l∑

n=1
|La(n)|

≈ i · 2
π

√
2p̄chrp

l ·
√
PL

≤ i
l
·
√
p̄chrp
PL

= Tchrp
TL

·
√
p̄chrp
PL

(8)

After removal, �δ can be estimated as

�δ ≤ Tchrp
TL

·
√
p̄chrp · w

PL
(9)

where p̄L and p̄chrp are the average powers of the preamble
and chirp, 2

π

√
2p̄chrp in Eq. (8) is the mean value of the

constant envelope |Chirp| , and w is the residue rate.
In this paper, we focus on the influence of the removal

and residual on fine FO estimation and equalization. The
influence on time sync is relatively small. We also rec-
ommend using the composite signal as the long preamble
directly for the fine time sync, FDE, etc., therein replac-
ing the original preamble at the Tx side (transmitter) and
Rx side (receiver). This is one of the next steps in our
research.

3.3 Extracting sensing part for recognition
The composite sensing signal is extracted after the time
sync, and the composite signal fragment is used directly
for recognition:

La(t) + s(t) TL − Tchrp < t ≤ TL (10)

Combined with a current recognition algorithm based on
UWB orWiFi [9, 28], it can be used to sense the shape and
size of an object.

4 Experimental
We first simulate the performance of FO estimation and
FDE, and then according to the results, we calculate the
effect on RCE. Next, according to Table 90 “Allowed RCE
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Fig. 5 FDTD interior scenario settings. a recognize scenario; b 3D human body model

versus data rate” in 802.11a, we obtain the allowed rate
under different RCE and make an evaluation of the trans-
mission. Finally, we test out the target recognition by using
the preamble signal.

4.1 Frequency offset estimate
Fine FO estimation and FDE are the main functions of
the long preamble. Impacting on FO estimation due to
the composition will increase rotation error of the con-
stellation. So in this section, we simulate FO estimation
by using composite preamble, and Fig. 4 is drawn. Then,
according to the result, we calculate the effect on RCE.
To consider the influence on fine FO estimation, we use
MATLAB 2014a; And in the next two sections, we use the
eastwave FDTD electromagnetic platform.
802.11a [18] is the reference for the simulation

parameters. The long preamble La is the IFFT of
L = {000000 ,L−26,26, 00000}, where L−26,26 =
{1, 1,−1, . . . ,−1, 1, 1, 1, 1} , and long preamble includes
two L periods 2TFFT. On the Rx side, it correlates with the
local sequences for fine FO estimation based on a step-
search method, and the coarse offset has been corrected
based on the short preamble. And we set front-end sam-
ple rate fs = 400MHz, Tstep = 2Ts = 5 ns, the power
of the overlapped chirp Pchrp is 1.2 to 2 times the long
preamble PL.
For the reason that the increase in the error rate is not

noticeable when the FO error εf < 10 kHz [29], we set
fstep = 6.4 kHz. In this way if the FO estimation falls
in the correct interval, εf will be 3.2 kHz, which meets
the requirement ofεf <10 kHz. Even if the estimated
results fall in the adjacent area,εf < 6.4 kHz only slightly
increase the rotation error of constellation,will not affect
the follow-up equalization estimation (see Fig. 7 and rel-
evant explanation in 1st paragraph of Section 4.2.3). See
Table 2 for the other parameters.
Figure 4 is the result of FO estimation using com-

posite preamble vs.original preamble. Figure 4a shows

that the FO estimation accuracy is decreased by approxi-
mately 3–4% under high-signal-to-noise-ratio (SNR) con-
ditions after overlap and removal, and the accuracy is
greater than only de-spreading is performed [16]. And
as a result of �f · t=�φ, FO estimation error �f will
increase the rotation error of the constellation(�φ).When
�φ is very small, �r/r≈ sin�φ ≈ �φ (see the small
graph inserted in Fig. 4, α ≈ 90◦ there), here r is mag-
nitude of the point in constellation, �r is magnitude of
the constellation error.Hence,it can be considered that
the 3-4-% �f error leads to the corresponding increase
in RCE. And since the small increase of εf does not
affect the completion of the following FDE, we can add
together the RCE increase derived in this section and
the increase derived in next section, then we get the
total RCE increase, no more consideration of mutual
influence.
Figure 4b shows the f� accuracy curve with chirps at

varying powers, where the power is easy to adjust accord-
ing to the estimation and recognition precision. The
curves are flatted at high SNR, with a flooring effect being
exhibited [30]. This shows that to further improve estima-
tion and recognition concurrently, we must improve the
removal effect.

4.2 Frequency-domain equalization
4.2.1 FDTD scenario and calculation settings
The FDTD simulation provides greater accuracy than
the general multi-path model [31]. We use the eastwave

Table 3 FDTD calculation settings

Carrier frequency 5.2 GHz Duration 3.2 us

Bandwidth 20 MHz FDTD Tstep 8e−12 s

Frequency interval 0.3125 MHz spatial Grid 50x150x300

Total steps 4e5 y, z boundary PML absorb

Recording rate 400 MHz X boundary Periodic PML=6
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Fig. 6 FDTD excitation source settings

FDTD simulation platform, which is China’s first paral-
lel all-vector electromagnetic simulation platform. The
platform is based on a strict FDTD and physical optics
model; its calculation speed is 10 to 100 times higher
than similar algorithms found worldwide. The parameters

of the FDTD simulation were set as 2.9×1.5×2 m based
on our lab, where the distance between the RX and TX
antennas is 1.6 m and the length of an antenna is 12 cm.
The sensed object is placed in the middle. Figure 5 shows
the FDTD scenario.

a

b

Fig. 7 Channel equalization. a FFT of preamble at Rx side after differ-FO compansation. b Integrated signal vs. only WiFi
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The wall of the lab is composed of ground glass, and
its reflectivity is always large; therefore, the absorption
boundary’s perfectly matched layer (PML) is set to 6 [26].
See Table 3 for other FDTD calculation parameters.

4.2.2 FDTD signal settings
Referring to 802.11a and the overlapping scheme in Fig. 1,
we set our FDTD excitation source as shown in Fig. 6. The
data of the FDTD recorder is output to Matlab2014 for

data processing. Under 802.11a, La(t) = wTlong(t)
26∑

k=−26
Lk exp

(
j2πk�F(t − TG12)

)
, where wTlong(t) is the time

window and TG12 is the guard interval. The discrete form
of the long preamble is La(k) = wTlong(k) · IDFT64(L), and

wTlong(k) =
{
1 1 ≤ k ≤ 62
0.5 k = 0, 63

The RF signal is rRF(t) = Re(r(t)) · cos(wct) −
Im(r(t))·sin(wct) [18]; thus, the I channel is endowed with
Re[ifft(L)], and the Q channel is endowed with Im[ifft(L)].
Then, we obtain the integrated signal as shown in Fig. 6.

4.2.3 Equalization results
Figure 7a is the FFT of the received preamble under vary-
ing fractional frequency offset compensations (FFOC).
The figure shows that the preamble can achieve FDE even
when fractional FO estimated valuef� has a slight error
(When f�has a slight error such as εf =6.4kHz here, the
FFOC will change as well, and then the curve is slightly
different.However,the FDE can still be achieved). [29] also
indicates that f� is allowed a certain error. In addition,
from the perspective of the sum of squared deviations
(SSD), the line is flattest when FFOC = -120 kHz, and
thus, -120 kHz may provide the best performance. SSD is

defined as
64∑

n=1
[dn − E(d)]2, where d indicates the curve

and E(d) is its mean value.
Figure 7b shows the FFT of theWiFi preamble (solid line

sn) and the FFT of the composite preamble after removal
on the Rx side (dotted line dn) after compensation at -
120 kHz.mn(marked line) isWiFi at the transmitter. Thus,
sn − mn is the equalization coefficient, and dn − sn is
the equalization error due to the residual. We defined the
relative equalization error:
√

	 [dn − sn]2 /	 [sn − mn]2 = �J n = 1, 2, 3 . . . , 64
(11)

By computation, �J = 9.5% slightly increases RCE, and
taking into account the 3% increase in phase rotation RCE
caused by the fre-offset error mentioned in Section 4.1, it
will lead to an increase in the RCE from -25 dB to -16 dB or
-19 dB to -13 dB. Accordingly, the data rate decreases from
54 Mbps to 24 Mbps or 36 Mbps to 18 Mbps (Table 4).

Table 4 Equalization error leads to a fractional increase in RCE

Corresponding data rate of 802.11a Relative constellation error (dB)

6M\9M -5\-8
12M\18M -10\-13
24M\36M -16\-19
48M\54M -22\-25

(if the sync precision improves to Tstep = 2.5 ns, the data
rate decreases from 54 Mbps to approximately 48 Mbps)

4.2.4 Assessment of the communication
According to the test results,analytical,calculation in 4.1
and 4.2.3: FO estimation error increases the rotation error
of constellation, equalizing compensation error causes the
diffusion of constellations. Combining the results of the
two, the total RCE increase due to the composition is got.
And then according to Table90 in 802.11a (Table 4 in this
paper), we obtain the allowed rate under different RCE,
Table 5 is got and Fig. 8 is drawn.
Table 5 shows the Rbmax comparison of some super-

resolution design methods occupying the same 20 MHz
of bandwidth, except the time-division integration [1] is
100 MHz of bandwidth.
Figure 8 shows the assessment of the communication

capability compared to time-division (TD) multiplex inte-
gration when they are applied to the same OFDM modu-
lation based on 802.11a. Here, communication duty ratio
(C duty ratio) is the communication proportion under
TD multiplex integration. For TD integration mode, with
the increase of the C duty ratio, its transmission capac-
ity increases;and when C duty ratio is from 2/3 to 3/4, or
from 3/4 to 4/5..., the increase is getting slower. The data
rate of composition mode is not very different from the
TD mode when C duty ratio of the TD mode is more than
3/4. In addition, composition mode has certain advantage
when RCE is less than − 22 db, and then we say that it has
a high transmission capacity.

4.3 High-resolution recognition
We use the output of the FDTD simulation in Section 4.2
to compare the recognition effect of only using WiFi and
when using the composite signal. Two groups of experi-
ments were performed. One group attempts to distinguish

Table 5 Rbmax Performance comparison

Integration method Rbmax

Composition in this study 24 M/48 Mbps

20M pulse OFDM [11] 5.4 Mbps

20M continuous LFM-MSK [9] 916 k/1.6 M

100M time-division [2] about 50 Mbps
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Fig. 8 Assessment of the composite method vs. time multiplex integration

between a basketball (
25 cm) and a volleyball (
21 cm);
the other group attempts to distinguish between a football
(
22 cm) and a volleyball. Besides identifying balls with
different diameters,we also added a human standing/lying
recognition simulation. The height of the 3D human body
model is set to 1.55 m(see Fig. 5b), and the simulation
result is drawn in Fig. 5b.
Based on the normalization of the long preamble, time-

domain features of the composite signal fragment were
extracted, including the energy, excess delay, rms delay,
maximum value, standard deviation, and peak value. The
SVM classifier svmtrain and the svmpredict function in
MATLAB2014 were used in both experiments. A radial
basis kernel was used, and the parameters c and g were set
to 1 and 10, respectively. A total of 600 training samples
and 1400 test samples for each ball were selected. εr of the

ball was set to 3, and the porosity was set to 0.97. The wall
of the lab is composed of ground glass, so our absorption
boundary PML is set to 6.
Figure 9a is the identification results of the basketball

and volleyball; if test_data of the basketball is input into
the SVM model and the output is basketball, the result
is recorded as being correct. The solid line indicates the
correct recognition rate of the basketball, and the dashed
line indicates the correct recognition rate of the volley-
ball. Figure 10 is the result for the football/volleyball. And
Fig. 9b is the result for human standing/lying.
Figure 9a shows that under the same SNR con-

ditions, the composite signal achieves a higher cor-
rectness. The resolution enhancement is slightly when
1.2PLchirp is overlapped; the enhancement is further
obvious when 2PLchirp is overlapped. However, the

a b

Fig. 9 Basketball/volleyball recognition and standing/lying recognition. a ball recognition; b standing/lying recognition
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Fig. 10 Football and volleyball recognition

impact on channel estimation requires extreme con-
trol, so there is a certain restriction on the power of
chirp and the enhancement has a certain limited. In
Fig. 10, the recognition effect is enhanced more clearly
when difference between the objects becomes smaller,the
recognition cannot be done by using original WiFi.
Figure 10 also shows that under the same power and
bandwidth, overlapping SSB signal is more efficient. The
method is useful for interior target recognition, such
as Fig. 9b shows nearly 100% standing/lying recogni-
tion accuracy in our simulation when preamble signal
was used.

5 Conclusions
In this paper, an overlapped composition method is stud-
ied to improve the recognition resolution of WiFi signals.
A separation method based on cancelation and decom-
position is also studied. The power of the overlapping
signal can be easily adjusted according to the sensing res-
olution and CE precision. The FDTD simulation shows
that the composite signal achieves a better target recog-
nition resolution than using the WiFi preamble alone. In
addition, the method has a relatively high communication
capacity.
For future work, we would consider whether a

suitable composite sequence can be used to replace
the original preamble at both Tx and Rx sides,
and the sequence is used for recognition and CE
directly. Such as we may research F-domain com-
position or convolution next, there would then be
no need to consider the effects of deletion and
residues, so the power of chirp can be increased
much more.
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