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Abstract: We propose an alternative waveform scheme built on mutually-orthogonal complementary
sets for a distributed multistatic radar. Our analysis and simulation show a reduced frequency band
requirement for signal separation between antennas with centralized signal processing using the
same carrier frequency. While the scheme can tolerate fluctuations of carrier frequencies and phases,
range sidelobes arise when carrier frequencies between antennas are significantly different.
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1. Introduction

Distributed multistatic radar, as a special case of multi-input multi-output (MIMO) radar,
is widely applied for illumination of targets in a range of scenarios and various types of target
tracking. In particular, it is currently used in ultra-wideband (UWB) radar for the detection of human
targets [1–3], blind selection of representative observations [4], multiperson tracking [5] and indoor
tracking [6]. One of the key issues of distributed multistatic radar is transmitting distinguishable
waveforms and achieving a high signal-to-noise ratio (SNR) at the receivers. Deployed waveforms
like the linear frequency modulated (LFM) waveform [7], orthogonal frequency division multiplexing
(OFDM) waveforms [8] or a combination of them, though able to obtain an impulse-like output
through matched filtering, need well-separated carrier frequencies for individual antennas to reduce
cross-antenna interference in the matched filtering, necessitating a large frequency band for the
centralized signal processing.

In this paper, an alternative waveform scheme built on mutually-orthogonal complementary sets
is proposed for a distributed multistatic radar. Signal separation between antennas is established
through complementary sets, which reduce the frequency band requirement as an identical carrier
frequency is used in a centralized signal processing environment. We give a theoretical analysis of the
influence of carrier frequencies and phases on range sidelobe suppression using complementary sets,
validated by our simulations of multiple target illumination. This varies from Searle et al. [9,10], in that
we avoid nonlinear processing of the complementary sets. Such processing can sometimes cause loss
of target information [11].
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2. Mutually Orthogonal Complementary Sets

Let (A1, A2) be a Golay complementary pair, in which A1 and A2 are both L0 × 1 sequences with
individual chip values equal to ±1 [12]. A mutually-orthogonal complementary set of sequences ∆′ of
size 4× 4× 2L0 can then be constructed using the pair (A1, A2) as follows [13].

∆′ =

[
∆∆ (−∆)∆

(−∆)∆ ∆∆

]
, (1)

where:

∆ =

[
A1 Ã2

A2 −Ã1

]
is a 2× 2× L0 matrix and:

∆∆ =

[
A1 A1 Ã2 Ã2

A2 A2 (−Ã1)(−Ã1)

]
,

and we write Ã for the sequence obtained by reversing the order of the elements of A, −A for the
negation of A in elements and A1 A2 for the concatenation of two sequences A1 and A2. Given a new ∆
matrix equal to the generated ∆′, we are able to reuse (1) to generate higher dimension ∆′. By using (1)
r times, we obtain a ∆′ matrix of size M(= 2r+1)×M× L(= 2rL0) given by:

∆′(:, :, l) =


a11(l) a12(l) . . . a1M(l)
a21(l) a22(l) . . . a2M(l)

...
...

...
aM1(l) aM2(l) . . . aMM(l)

 . (2)

where aij is a 1× 1× L binary sequence with values ±1, representing the row i column j entry of
the matrix ∆′. The chip length of aij (i.e., the length of aij(l)) is Tc, l = 0, 1, ..., L− 1. For example,
a 4× 4× 4 ∆′ matrix can be generated from a Golay complementary pair (A1 = ++, A2 = +−) with
L0 = 2 by repeating (1) r = 1 times:

∆′ =


a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44



=


++++ −+−+ −−++ +−−+
+−+− −−−− −++− ++−−
−−++ +−−+ ++++ −+−+
−++− ++−− +−+− −−−−

 .

where “+” and “−” represent the chips of values ±1, respectively. ∆′ has the following properties.
For arbitrary rows i, j (i 6= j), {

∑M
p=1 Caip ,aip(k) = MLδ(k);

∑M
p=1 Caip ,ajp(k) = 0.

(3)

where:
Caip ,ajp(k) = ∑L−1

l=0 aip(l)a∗jp(l − k)

represents the value of the cross-correlation of sequences aip and ajp at index k, k = −(L − 1),
−(L − 2), ..., L − 1. The superscript “*” denotes complex conjugation, and δ(k) is the Kronecker
delta function. These properties are also satisfied for arbitrary columns.
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3. Radar System Model

The ∆′ matrix is used to construct the transmitted waveforms for a distributed multistatic radar
system with antennas 1, 2, ..., m, ..., M that can both transmit and receive signals. Consider a static
point target illuminated by the radar system as shown in Figure 1, where τ1 to τM are the round-trip
delay values between the target and each antenna. Antenna m transmits the sequence amp in the
p-th (p = 1, 2, ..., M) pulse repetition interval (PRI) and receives echoes from all antennas, which are
the radar returns’ delayed versions of [a1p, · · · , aMp]. The complementary sets on each antenna are
modulated by a baseband pulse Ω(t), yielding the following time domain waveforms:

amp(t) = ∑L−1
l=0 amp(l)Ω(t− lTc), (4)

where
∫ Tc/2
−Tc/2 |Ω(t)|2dt = 1. Ideally, Ω(t) is a rectangular pulse, and this is used in our simulations for

simplicity, but in a real system, the rectangular pulse would typically be replaced by another pulse
shape, such as a raised cosine or Gaussian pulse to reduce the bandwidth requirement.

Figure 1. The schematic figure of the radar detection scenario.

amp(t) is modulated by the carrier frequency fcm and a phase φm at antenna m in the transmitted
waveforms amp(t)ej2π fcm (t+φm). The signal received by antenna m in the p-th PRI is:

ymp(t) = ∑M
i=1 aip

(
t− τi + τm

2

)
ej2π fci

(
t− τi+τm

2 +φi

)
, (5)

and the output of antenna m for the p-th PRI after demodulation with e−j2π fcm (t+φm) and match filtering
with amp(t) is:

zmp(t) =
L−1

∑
k=−L+1

ymp(t)e−j2π fcm (t+φm)a∗mp(t), (6)

where the superscript “*” denotes complex conjugation. Summing the results over all M PRIs, we obtain
a final output of antenna m:

zm(t) =
L−1

∑
k=−L+1

M

∑
p=1

ymp(t)e−j2π fcm (t+φm)a∗mp(t)

=
L−1

∑
k=−L+1

M

∑
p=1

M

∑
i=1

aip

(
t− τi + τm

2

)
a∗mp(t)e

j2π fci

(
t− τi+τm

2 +φi

)
e−j2π fcm (t+φm).

(7)
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4. Influence of Carrier Frequencies and Phases

As mentioned before, fcm is often varied across antennas for traditional waveforms like the LFM
waveform in order to guarantee orthogonality. This requires a wide frequency band for transmission
of the waveforms. Additionally, the different carrier-dependent phases φm may also complicate the
post-processing of radar returns (e.g., may decrease the output of coherent integration). However,
the transmission of complementary sets with identical carrier frequency for all antennas, i.e., fcm = fc,
results in (7) becoming:

zm(t) =
M

∑
i=1

L−1

∑
k=−L+1


M

∑
p=1

Camp ,aip(k)CΩ

(
t− τi + τm

2
− kTc

)

e−j2π fc

(
τi+τm

2 +φm−φi

)
, (8)

where CΩ denotes the autocorrelation of the baseband pulse and:

M

∑
p=1

Camp ,aip(k) =

{
MLδ(k) i = m,

0 i 6= m.
(9)

As a consequence, the complementary sets achieve an impulse output. In addition, at least
in theory, the phase shifts φm − φi do not influence the level of range sidelobes, nor the further
signal processing.

Based on previous discussions, the following remarks can be made:
(a) Theoretically, complementary sets are free of cross-antenna interference, as well as range

sidelobes (induced by the cross terms of cross-correlation) when an identical carrier frequency is used
for all antennas, and the results are not influenced by the phase differences between antenna carriers.
In this case, the radar has an equivalent pulse width of 2Tc.

(b) Compared to conventional LFM or OFDM waveforms, this alternative scheme reduces the
frequency band requirement for transmission in the centralized radar signal processing system at
the cost of increased radar illumination time (needs more accumulation of pulses) for the same pulse
width and sampling rate.

(c) Remark (a) will not hold for complementary sets if the carrier frequency variation across
antennas is large.

5. Simulation and Discussion

In the simulation, we consider a scenario with four antennas. A 4 × 4 × L ∆′ matrix of
complementary sets is generated for transmission. The bandwidth of the radar is B = 5 MHz.
The sampling rate is fs = 2B. The PRI is T = 5 µs. Each entry of the matrix ∆′ has L = 64 chips of values
±1 in the chip interval Tc = 0.1 µs. The locations of Antennas 1—4 in the scenario are set to be (0, 0) m,
(1500, 300) m, (2000, 1000) m, (1400, 800) m, respectively. Two point stationary targets are assumed at
(700, 600) m and (1000, 400) m with the magnitude 0 dB and −20 dB, respectively. Radar returns at all
antennas are contaminated by complex Gaussian zero-mean white noise E ∼ CN (0, 1) with a mean
magnitude of −10 dB.

We study three cases for different carrier frequency and phase configurations:

(1) fc1 = fc2 = fc3 = fc4 = 1 GHz; φ1 = φ2 = φ3 = φ4 = 0.

(2) fc1 = 1 GHz, fc2 = 1 GHz + 2 MHz, fc3 = 1 GHz + 4 MHz, fc4 = 1 GHz + 6 MHz;

φ1 = φ2 = φ3 = φ4 = 0.

(3) fc1 = 1 GHz + η1, fc2 = 1 GHz + η2, fc3 = 1 GHz + η3, fc4 = 1 GHz + η4;

φ1 = 0, φ2 = (π/5) rad, φ3 = (π/3) rad, φ4 = (π/2) rad.
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The random parameters η1, η2, η3 and η4, which reflect the possible frequency jitter or drift
invoked by the radar system or environment, are in the frequency interval [−10 kHz, 10 kHz] [14].

Simulation results are shown in Figures 2–4.
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Figure 2. Matched filtering outputs of the four antennas in Case (1).
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Figure 3. Matched filtering outputs of the four antennas in Case (2).
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Figure 4. Matched filtering outputs of the four antennas in Case (3).

Figure 2 illustrates the matched filter outputs at the four antennas with identical carrier
frequencies, where radar returns are “free” of range sidelobes and cross-antenna interference due to
the complementary set properties mentioned in the first remark. Two targets are clearly separated.
However, in Figure 3, significant range sidelobes induced by the carrier frequency variation are
observed. Such sidelobes can submerge weak targets and make it difficult to detect them. The results
in Figure 4 demonstrate resilience to jitter or drift of carrier frequency and phase differences at the
matched filter outputs. The overall simulation results suggest that waveforms based on complementary
sets are practical alternatives for distributed multistatic radar systems, producing strong performance
while retaining identical carrier frequencies across all antennas.

6. Conclusions

We have studied an alternative waveform scenario to traditional schemes composed of
mutually-orthogonal complementary sets for distributed multistatic radar illumination. Our simulation
shows that under identical carrier frequency across antennas, phase differences and/or small frequency
drift or jitter cause little effect on the output SNR for all antennas, while increased range sidelobes
arise if antennas are working at significantly different carrier frequencies.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
under Grant 61271441 and the Asian Office of Aerospace Research & Development (AOARD)/AFRLunder
Grant FA2386-15-1-4066.

Author Contributions: Jiahua Zhu conceived of and devised the idea. Jiahua Zhu and Yongping Song designed
and performed the experiments. Xuezhi Wang, Xiaotao Huang and Bill Moran analysed and gave comments for
the improvement of the experiment results. Jiahua Zhu, Xuezhi Wang and Bill Moran contributed to writing and
editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. He, Y.; Aubry, P.; Le Chevalier, F.; Yarovoy, A. Decentralised tracking for human target in multistatic
ultra-wideband radar. IET Radar Sonar Navig. 2014, 8, 1215–1223.



Sensors 2018, 18, 35 7 of 7

2. Chernyak, V. Signal Processing in Multisite UWB Radar Devices for Searching Survivors in Rubble.
In Proceedings of the 2006 European Radar Conference, Manchester, UK, 13–15 September 2006; pp. 190–193.

3. Nezirovic, A.; Yarovoy, G.; Ligthart, L.P. Signal Processing for Improved Detection of Trapped Victims Using
UWB Radar. IEEE Trans. Geosci. Remote Sens. 2010, 48, 2005–2014.

4. Bartoletti, S.; Giorgetti, A.; Win, M.Z.; Conti, A. Blind Selection of Representative Observations for Sensor
Radar Networks. IEEE Trans. Veh. Technol. 2015, 64, 1388–1400.

5. Gulmezoglu, B.; Guldogan, M.B.; Gezici, S. Multiperson Tracking With a Network of Ultrawideband Radar
Sensors Based on Gaussian Mixture PHD Filters. IEEE Sens. J. 2015, 15, 2227–2237.

6. Bartoletti, S.; Conti, A.; Giorgetti, A.; Win, M.Z. Sensor Radar Networks for Indoor Tracking. IEEE Wirel.
Commum. Lett. 2014, 3, 157–160.

7. Majumder, U.K.; Bell, M.R.; Rangaswamy, M. A novel approach for designing diversity radar waveforms
that are orthogonal on both transmit and receive. In Proceedings of the 2013 IEEE Radar Conference
(RadarCon13), Ottawa, ON, Canada, 29 April–3 May 2013; pp. 1–6.

8. Wang, W.Q. Space-time coding MIMO-OFDM SAR for high-resolution imaging. IEEE Trans. Geosci.
Remote Sens. 2011, 49, 3094–3104.

9. Searle, S.; Howard, S.; Moran, B. The use of complementary sets in MIMO radar. In Proceedings of the 2008
42nd Asilomar Conference on Signals, Systems and Computers, Pacific Grove, CA, USA, 26–29 October 2008;
pp. 510–514.

10. Searle, S.; Howard, S. Waveform design and processing for multichannel MIMO radar. In Proceedings of the
2009 International Radar Conference “Surveillance for a Safer World” (RADAR 2009), Bordeaux, France,
12–16 October 2009; pp. 1–6.

11. Zhu, J.; Wang, X.; Huang, X.; Suvorova, S.; Moran, B. Range sidelobe suppression for using Golay
complementary waveforms in multiple moving target detection. Signal Process. 2017, 141, 28–31.

12. Golay, M. Complementary series. IRE Trans. Inf. Theory 1961, 7, 82–87.
13. Tseng, C.C.; Liu, C. Complementary sets of sequences. IEEE Trans. Inf. Theory 1972, 18, 644–652.
14. Available online: http://www.tek.com/datasheet/arbitrary-waveform-generators-1 (accessed on

1 August 2017).

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.tek.com/datasheet/arbitrary-waveform-generators-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Mutually Orthogonal Complementary Sets
	Radar System Model
	Influence of Carrier Frequencies and Phases
	Simulation and Discussion
	Conclusions
	References

