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Abstract: Switch antenna array (SAA) frequency modulated continuous wave (FMCW) radar
has been studied by many researchers due to its low cost and straightforward architecture.
However, the motion-induced phase leads to incorrect direction-of-arrival (DoA) estimation, which is
one of the main obstacles when it is applied to a moving scenario. To address this problem, we propose
a motion compensation method based on a specific switching scheme in this paper. The effectiveness
of this method is verified by simulation and measurement results. This approach only requires basic
signal processing techniques and avoids complex optimization algorithms.

Keywords: switch antenna array (SAA); frequency modulated continuous wave (FMCW) radar;
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1. Introduction

Switch antenna array (SAA) frequency modulated continuous wave (FMCW) radar has received
extensive attention due to its low complexity architecture and small size. It has been widely used
in scenes such as car collision avoidance and obstacle monitoring [1,2]. Figure 1 shows the system
architecture of the SAA FMCW radar. The transmitting frontend uses a single antenna, and the
receiving frontend adopts an N-elements uniform linear array (ULA), which shares a receiving channel
through a single-pole multithrow switch.

In the conventional switching scheme, the receiving arrays are sequentially switched in order from
1 to N [3]. For the stationary target, the phase difference between adjacent elements is expressed as

ϕd = βd sin θ (1)

which is the same as the multichannel antenna array, where β = 2π/λ is the wave propagation
constant, λ is the wavelength in free space, d is the spacing of ULA, and θ is the direction-of-arrival
(DoA). For the nonstationary target, the motion introduces an additional phase difference between
adjacent elements, which is expressed as in the work by the authors of [4].

ϕv = β4vT (2)

where v is the target’s velocity, T is the up-chirp ramp duration, and the radar’s pulse repetition
interval (PRI) is 2T. The target moves with constant radial velocity and its tangential velocity can be
neglected [5]. The phase distribution of SAA for the moving target is shown in Figure 2.
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Figure 1. Block diagram of switch antenna array (SAA) frequency modulated continuous wave (FMCW)
radar.

Figure 2. Phase distribution for moving target.

The motion-induced phase ϕv will lead to erroneous DoA estimation [4]. Therefore, scholars
have proposed some motion compensation methods to solve this problem. L. Yang proposed
a two-cycle switching scheme to achieve DoA estimation [3]. However, this method is only
applicable to scenes where the target moves at a slower speed. Some random switching methods
were proposed in works by the authors of [5–7] to realize motion compensation. However, these
methods need to combine the target scattering characteristics and optimization algorithms to solve
the optimal switching scheme, consuming time and computing resources, making application to
scenarios with high real-time requirements difficult. Yang [8] successfully estimated direction
and velocity using two-dimensional MUSIC signal processing and M.-S. Lee [9] introduced the
time-invariant steering vector (TISV) to achieve multiparameter (i.e., range, velocity, and direction)
estimations. However, this approach suffers from an ambiguous velocity estimation problem.
Lin [10] proposed a motion-induced phase elimination method based on double-time switching
scheme. Some scholars have proposed compensation methods for time division multiplexing (TDM)
multiple-input-multiple-output (MIMO) radars. Jonathan investigated a modified Doppler processing
algorithm to achieve motion compensation [11]. The phase shift introduced by movement can be
calculated using signals of redundant antenna elements [12,13]. Dominik and Ziroff [14] used the
echo signal of the first antenna element to estimate a target’s velocity, and then used this velocity to
construct a term to compensate for the phase response of the moving target. Additionally, Guetlein [15]
found that the phase difference introduced by the target motion can be ignored when the transmit
antenna was quickly switched at a single frequency. However, these methods cannot be applied to
SAA radars.

This paper proposes a specific switching scheme to compensate for the motion-induced phase
for SAA FMCW radar. The receiving array is switched in the order of 1, 4, 2, 3, 5, 6, 7, . . . , N.
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The motion-induced phase is extracted through a simple mathematical operation, and then it is
used to compensate the phase of SAA. The proposed method only requires basic signal processing
techniques and avoids complex optimization algorithms.

2. Motion-Induced Phase Compensation

In this section, we describe the signal model of the SAA FMCW radar using a conventional
switching scheme and proposed a specific switching scheme. Then, the principle and procedure of the
motion compensation method based on the specific switching scheme are given.

For the conventional sequential switching scheme from 1 to N, the up-chirp beat signal received
by the nth element is modeled similar to works by the authors of [3,4]:

un(t) = s(t) exp[−j(n − 1)(ϕd + ϕv)]

s(t) = a exp[j2π( f0t + φ0)]
(3)

where s(t) is the beat signal received by the 1st element, a is signal amplitude, f0 = 2kr/c + 2v/λ is
frequency information, φ0 = 2r/λ is phase information, k is the chirp rate, c is the light speed constant,
and r is the target’s range. Note that the triangular wave consisting of up-chirp and down-chirp is
used in this paper.

The motion-induced phase ϕv leads to erroneous DoA estimation [4], and the incorrect DoA θe is
determined by the following formula.

sin θe = sin θ +
2mπ − ϕv

βd
; m = 0,±1,±2, . . . (4)

To compensate for the motion-induced phase and estimate DoA correctly, this paper proposes
a specific switching scheme as shown in Figure 3. The receiving elements are switched in the order
of 1, 4, 2, 3, 5, 6, 7, . . . , N, which is different from the conventional sequential switching scheme from 1
to N.

Figure 3. Timing diagram of specific switching scheme.
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Figure 4 illustrates the signal processing flow of the proposed motion compensation method.
The receiving elements are switched according to the specific switching scheme to obtain a raw array
signal, which is expressed as

s1(t) = s(t); n = 1

s2(t) = s(t) exp[−j(ϕd + 2ϕv)]; n = 2

s3(t) = s(t) exp[−j(2ϕd + 3ϕv)]; n = 3

s4(t) = s(t) exp[−j(3ϕd + ϕv)]; n = 4

sn(t) = s(t) exp[−j((n − 1)ϕd + ϕv)]; n = 5, 6, ..., N

(5)

Figure 4. Signal processing flowchart for motion compensation.

A fast Fourier-transform (FFT) leads to the range spectrum

x1(res) = b(res) exp(−jϕ0); n = 1

x2(res) = b(res) exp[−j(ϕd + 2ϕv + ϕ0)]; n = 2

x3(res) = b(res) exp[−j(2ϕd + 3ϕv + ϕ0)]; n = 3

x4(res) = b(res) exp[−j(3ϕd + ϕv + ϕ0)]; n = 4

xn(res) = b(res) exp[−j((n − 1)(ϕd + ϕv) + ϕ0)]; n = 5, 6, ..., N

(6)

where res is the estimated range of the target; b(res) and ϕ0 are the amplitude and phase information,
respectively. Targets with close DoAs are differentiated by the range cell in the range spectrum.
The phase compensation method in this paper is to perform phase extraction and phase compensation
for each range cell independently. Therefore, the proposed method is also be efficient for these targets.

Observing the phase information of the first three elements, we found that the phase information
of the motion-induced phase ϕv and the elements satisfies the following formula.

ϕv = 2ψ2 − ψ3 − ψ1 (7)

where ψ1 = ϕ0, ψ2 = ϕd + 2ϕv + ϕ0, ψ3 = 2ϕd + 3ϕv + ϕ0 are the phase information of the 1st, 2nd,
and 3rd elements, respectively.

Assuming the extracted motion-induced phase is
_
ϕv, the compensated range spectrum is

denoted by
_
x1(res) = x1(res); n = 1
_
x2(res) = x2(res) exp(−j2

_
ϕv); n = 2

_
x3(res) = x3(res) exp(−j3

_
ϕv); n = 3

_
x4(res) = x4(res) exp(−j

_
ϕv); n = 4

_
xn(res) = xn(res) exp[−j(n − 1)

_
ϕv]; n = 5, 6, ..., N

(8)
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The compensated range spectrum can be directly applied to estimate DoA. Note that the raw
array signal is rearranged in the order of 1 to N for DoA estimation.

3. Simulation and Measurement

Table 1 shows the numerical and experimental radar parameters. The Bartlett beamformer with
30 dB Chebyshev attenuation is used for DoA estimation in this paper.

The simulation was conducted without noise to avoid uncertainty. Two point scatterings with
identical amplitude were considered as moving targets. Their ranges, velocities, and azimuths were
{r1, v1, θ1} = {30 m, −100 m/s, 0◦} and {r2, v2, θ2} = {40 m, 50 m/s, −30◦}. Figure 5 shows the phase
characteristic curve of SAA with and without compensation. There was significant distortion in the
uncompensated phase characteristic due to the motion-induced phase. In contrast, the compensated
phase characteristic was in good agreement with the theoretical value, which represents the phase
characteristic of the multichannel antenna array. Figure 6 shows the DoA estimation results with and
without compensation. The DoA estimations without compensation were −15◦ and −21◦, respectively,
deviating from the true angles of the targets. The fluctuation of the side lobes was caused by the
nonlinear phase of the first four elements. With compensation, the DoA estimations were 1◦ and
−31.5◦, which were close with the actual values. Meanwhile, the side-lobe level was reduced overall.
The measurement error is caused by the high-order term of the beat signal. For the received signal
of a single element, the phase error introduced by the high-order term can be neglected [16], so this
paper and works of the authors of [3,4] use the simplified signal model represented by Equation (3) for
phase analysis. However, in this paper, the received signals of the first three units are used to extract
the phase of motion introduction, so that the high-order term causes measurement error.

Table 1. Radar parameters for simulation and measurement.

Simulation Measurement

Operating frequency: f 10 GHz 10.25 GHz
Modulation period: T 10 µs 0.1 ms
Sweep bandwidth: BW 100 MHz 100 MHz
Number of elements: N 32 8
Spacing: dr 0.5λ 0.52λ
Type of element Ideal element with cosine pattern SIW slot array

Figure 5. Phase characteristic curve of SAA.
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Figure 6. Direction-of-arrival (DoA) estimation results.

Figure 7 shows the experimental scenario. The target is the unmanned aerial vehicle (UAV): DJI
Phantom 3. It rose vertically at a speed of 3 m/s at a distance of 80 m from the radar. The antenna
was placed parallel to the ground to avoid ground clutter. Figure 8 shows the phase characteristic
curve of SAA with and without compensation. Without compensation, the phase characteristic
had motion-induced distortion. With compensation, the phase characteristic was consistent with
the theoretical value. Figure 9 shows the DoA estimation results with and without compensation.
Without compensation, the DoA was incorrectly estimated at −4.3◦. With compensation, the DoA
was correctly estimated at 0◦. Note that the side-lobe level deteriorated due to the ambient noise.
Additionally, we also used the TISV-based multiparameter estimation algorithm [8] to estimate DoA
and obtained the real DoA of UAV at 0◦.

Figure 7. Measurement scenario: (a) unmanned aerial vehicle (UAV) as target, (b) experimental
environment, and (c) top view taken by UAV.

Figure 8. Phase characteristic curve of SAA.



Appl. Sci. 2019, 9, 3441 7 of 8

Figure 9. DoA estimation results.

4. Conclusions

This letter introduces a specific switching scheme to realize a motion compensation method
for SAA FMCW radar. The receiving array is switched in the order of 1, 4, 2, 3, 5, 6, 7, . . . , N.
The motion-induced phase is calculated, and then it is used to complete motion compensation.
The simulation and measurement results demonstrate the performance of the proposed motion
compensation method. Compared to previously published methods for motion compensation,
the proposed method only requires basic signal processing techniques and avoids complex
optimization algorithms. In the future, we will integrate conventional radar signal processing
techniques, including moving target indicator (MTI), moving target detector (MTD), and constant false
alarm rate (CFAR) detection, to achieve more abundant functions, such as multiparameter estimations,
target detection and tracking, etc.
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