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Dear editor,
Joint system designs help improve resource effi-
ciency and reduce the volume and energy con-
sumption of electronic systems; therefore, such
joint systems have become a research hot spot
in recent years [1, 2]. To improve the flexibility
of the working modes and to enhance adaptabil-
ity to complex applications, joint synthetic aper-
ture radar (SAR) and communication is recom-
mended. Orthogonal frequency division multi-
plexing (OFDM) [3] waveforms have been widely
studied in joint radar and communication systems
because they have high spectral efficiency, flexi-
ble subcarrier modulation, and easy implementa-
tion [1, 4]. Nevertheless, to prevent multipath in-
terference, the cyclic prefix (CP) set by OFDM
produces false targets in the SAR image and re-
duces the spectral efficiency [2, 4]. Besides, its
high amplitude of subcarrier sidelobes lead to se-
vere inter-subcarrier interference [4]. The filter
bank multicarrier (FBMC) [5] is a multicarrier
waveform similar to OFDM; therefore, it also has
the abovementioned advantages. In addition, the
subcarrier sidelobes amplitude of the FBMC be-
come extremely low when the prototype filter is
used; this reduces the inter-subcarrier interference.
FBMC does not use CP to combat inter-symbol

interference and inter-carrier interference, which
avoids the false targets in imaging and improves
the spectral efficiency [2, 4]. Therefore, FBMC
waveforms have better performance in joint SAR
and communication systems [2]. However, the in-
tegral sidelobe ratio (ISLR) of the conventional
FBMC waveform is very high, which causes prob-
lems such as weak targets being masked by strong
targets.

In this study, transmission information and
chirp signals are simultaneously modulated into
the FBMC symbols to form an FBMC chirp wave-
form. The waveform proposed in our research
has two main advantages over the conventional
FBMC waveform. First, the FBMC chirp wave-
form has good imaging performance even while
carrying a large amount of information. Second,
by using the known chirp signal, complex channel
estimation can be performed during demodulation;
this avoids the real orthogonal requirement in the
FBMC waveform channel estimation.

Preliminaries. The flight platform transmits a
joint FBMC waveform to the ground with both the
sensing and transmission functions. To avoid in-
terference between the subcarriers and to keep the
data rate the same as that of OFDM, the FBMC
uses offset quadrature amplitude modulation [5].

*Corresponding author (email: xdliang@mail.ie.ac.cn)

http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-018-9830-1&domain=pdf&date_stamp=2019-9-24
https://doi.org/10.1007/s11432-018-9830-1
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-018-9830-1
https://doi.org/10.1007/s11432-018-9830-1


Zhu K H, et al. Sci China Inf Sci April 2020 Vol. 63 149302:2

The transmitted signal is

s(t) =

N−1
∑

n=0

M−1
∑

m=0

am,ngm,n(t), (1)

where N is the number of even real symbols; M is
the number of subcarriers; and am,n is the trans-
mitted real-valued symbol obtained by taking the
real and imaginary parts of the 22K-QAM data.
The filter bank gm,n(t) can be expressed as

gm,n(t) = g(t− nτ0)e
j2πm∆ftej

π

2
(m+n), (2)

where g(t) is the prototype pulse; τ0 is the time off-
set between the real and imaginary parts (equal to
half the symbol duration T ); ∆f is the subcarrier
frequency interval; and τ0 = T/2 = 1/(2∆f).

Modulation of the FBMC chirp waveform. By
converting (1) to the frequency domain, we obtain

S(f) =

N−1
∑

n=0

M−1
∑

m=0

am,nG(f −m∆f) · ejφ, (3)

where G(f) is the prototype filter in the frequency
domain, and φ = −2πfnτ0+

π

2 (m+n) is the phase.
By sampling the transmitted signal at 1/T inter-
vals (i.e., f = m∆f), we obtain the following data
of the subcarriers:

S(m∆f) =

N−1
∑

n=0

M−1
∑

m=0

am,nδ(f −m∆f) · ejφ. (4)

Here, φ = π

2 (m + n − 2mn) is the phase of the
subcarriers; this phase interleaves the subcarrier
data real and imaginary parts [5]. In the FBMC
chirp modulation, the transmission information is
encoded into the first N−2 symbols, and the chirp
signal is compensated in the real and imaginary
parts by using the last two symbols. The encod-
ing information of the last two auxiliary symbols
is designed as follows:

ame,N−2 = (−1)meN−
5me+N−2

2 · ℜ{K(me)},

amo,N−2 = (−1)moN−
5mo+N−3

2 · ℑ{K(mo)},

ame,N−1 = (−1)meN−
3me+N−2

2 · ℑ{K(me)},

amo,N−1 = (−1)moN−
3mo+N−1

2 · ℜ{K(mo)},

(5)

where me and mo are the even and odd subcar-
riers, respectively; ℜ{·} and ℑ{·} are the real
and imaginary parts, respectively. K(m) =

exp(jπ(m∆f)2/k) −
∑N−3

n=0 am,ne
jπ
2
(m+n−2mn),

where k is the chirp rate. By substituting (5)
into (4), we obtain

S(f)|f=m∆f = exp(jπ(m∆f)2/kr). (6)

This shows that when using the proposed en-
coding method, the transmitted signal can be re-
constructed into a chirp signal with good imaging
capability.

Pre-demodulation of the FBMC chirp waveform.
The echo can be expressed as follows:

Sr(f) = S(f) ·H(f), (7)

where H(f) are the channel effects. It is neces-
sary to extract information on the corresponding
subcarriers to reconstruct the chirp echoes. The
following two restrictions must be met during the
pre-demodulation.

(1) The echo sampling interval needs to be the
same as the modulation interval, that is, 1/T ; oth-
erwise, the channel cannot be described correctly.

(2) The length of the echo needs to be less than
(N/2 + 1) symbol duration. The sampled echo
length was T . Its maximum unambiguous swath
was cT/2, and the corresponding maximum echo
length was (N/2 + 1) × T . This echo length re-
quirement can be met by digital beamforming for
the receive technique [6].

Combining (6) and (7), the frequency domain
signal can be expressed as

Sr(m∆f) = S(f) ·H(f)|f=m∆f ,

= exp(jπf2/kr) ·H(f)|f=m∆f . (8)

The corresponding time domain signal is

sr(tr) = exp(jπkt2)⊗ h(t)|t6T . (9)

The pre-demodulated signal can be described as
a chirp echo of a channel whose maximum delay
does not exceed T . Pre-demodulated signals can
be imaged by conventional imaging algorithms,
such as the range-Doppler algorithm [7].

Channel estimation method. With the pre-
demodulated signal, it is possible to employ a con-
ventional channel estimation algorithm. For ex-
ample, by using the least squares estimation [8]
and considering the influence of the noise n, the
channel response can be obtained as

Ĥ(f) =
Sr(f)

P (f)
= H(m∆f) +

n

P (m∆f)
, (10)

where P (f) = exp(jπf2/k) is the chirp signal.
Channel estimation has two main steps. (1) Pre-

estimation. The channel response on the subcar-
riers is pre-estimated by using the conventional
method. (2) Interpolation. The obtained pre-
estimation results Ĥ(fr) are interpolated to obtain
the channel response Ĥm0,n0

of the entire pulse.
The echo through the analysis filter bank is

Ym0,n0
= 〈sr(t), γm0,n0

(t)〉
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Figure 1 (Color online) Results of (a) imaging, (b) communication.

=
∑

n

∑

m

am,nHm,n〈gm,n, γm0,n0
〉

=
∑

n

∑

m

am,nHm,nδm,m0
δn,n0

(1 + jd)

= am0,n0
Hm0,n0

(1 + jd). (11)

The signal is equalized by using the channel esti-
mation result, and the demodulated result can be
obtained by taking the real part

âm0,n0
= ℜ

{

Ym0,n0

Ĥm0,n0

}

≈ am0,n0
. (12)

Experimental results and analysis. In this re-
search, an experimental pulse contained eight
FBMC symbols. The first six symbols conveyed
the transmission information, and the last two
symbols modulated the chirp signal. The symbol
duration was 40 µs, the bandwidth was 100 MHz,
the sampling rate was 120 MHz, the Doppler band-
width was 100 Hz, and the PRF was 120 Hz.
To evaluate the imaging performance, we per-
formed range slicing of the OFDM, the conven-
tional FBMC, and the OFDM and FBMC chirp
waveforms [9]; the results are shown in Figure 1(a).
Compared with the other three waveforms, the
range sidelobes of the FBMC chirp waveform
was significantly suppressed. Figure 1(b) shows
the communication performance simulation. The
green line is the relationship between the commu-
nication bit error rate (BER) and the signal-to-
noise ratio (SNR) for the ideal channel estimation.
The blue line shows the result of the OFDM wave-
form. Because the influence of non-orthogonal fac-
tors such as the Doppler shift, the channel estima-
tion of the OFDM waveform was erroneous, which
deteriorated the BER. The red line shows the re-
sult of the FBMC chirp waveform. As the SNR
increases, the channel estimation performance im-
proves, and the BER gradually approaches the
ideal result. However, the brown line shows that

when the multipath delay exceeds the duration of
one symbol, channel estimation errors will occur;
this causes the BER to deteriorate dramatically.

Conclusion. We proposed the FBMC chirp
waveform for solving the problem of poor pulse
compression performance of the conventional
FBMC waveform. By modulating the chirp sig-
nal into the FBMC symbols, high-quality imaging
could be achieved while ensuring high-speed digi-
tal transmission. Furthermore, by using a known
chirp signal, it was possible to perform channel
estimation, which avoided the real orthogonality
restriction of the conventional FBMC waveform.
The simulation results show that the FBMC chirp
waveform can improve the imaging quality as well
as the accuracy of communication. Therefore,
good performance can be achieved in the joint sys-
tem.
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