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ILETTER

A Low-Cost Angle Super-Resolution FMCW Phased Array Radar
based on TSPW for Automotive Applications

SUMMARY A low-cost super-resolution frequency modulated continuous
wave (FMCW) phased array radar employing a single radio-frequency (RF)
channel sampling scheme is proposed. Since the conventional phased array
radar lacks element-level array signals, it cannot achieve angle super-
resolution. By exploiting time sequence phase weighting (TSPW)
technology, the proposed radar can obtain the element-level array signals
without connecting additional transmit/receive (T/R) components to each
antenna element, as that in element-level digital arrays. Furthermore, the
freedom of the array has been further enhanced by exploiting the nested
array structure. Numerical simulation results are presented to demonstrate
the effectiveness of the proposed system.

key words: time sequence phase weighting(TSPW), single RF channel,
nested array, FMCW radar

1. Introduction

In recent years, millimeter-wave frequency modulated
continuous wave (FMCW) radars have been widely used in
automotive applications, such as advanced driver-assistance
systems [1-4], active cruise control [5-7], and automatic
parking [8-10]. By performing a two-dimensional (2-D) Fast
Fourier Transform (FFT), the range and speed information
of multiple targets can be simultaneously obtained from the
frequency spectrum. To obtain the angular information at a
relatively low cost, a conventional scheme is to use passive
phased array antennas with electronic beam scanning or
monopulse angle measurement methods. However, the
angular resolution of this array is limited by the Rayleigh
criterion. It cannot effectively distinguish between targets
whose angular separation is less than 3 dB beamwidth.

To address this issue, a typical approach is to use
Digital Beamforming (DBF) or Multiple-Input Multiple-
Output (MIMO) technology, which performs simultaneous
multichannel sampling on the whole antenna array. This
kind of array is also known as an element-level digital array
[11]. By integrating an independent RF signal sampling
channel behind each antenna element, the spatial signals
received by each antenna element can be preserved. Then,
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by employing spatial spectrum estimation algorithms, such
as multiple signal classification (MUSIC) [12] or estimation
of signal parameters via rotational invariance techniques
(ESPRIT) [13], super-resolution angle estimation can be
achieved. However, since the signal sampling channel is one
of the most expensive components of a radar system [14-16]
and this technology requires multiple signal sampling
channels, the overall cost and complexity are significantly
higher than the phased arrays.

To solve this problem, many efforts have been
proposed to reduce the number of sampling channels in the
past. In [17, 18], a time division multiplexing single channel
receiver scheme called spatial multiplexing of local
elements was proposed. Based on the structure, [19, 20]
proposed a low-cost 24GHz FMCW radar. In [21], a
randomized switched antenna FMCW radar system was
proposed, where the receiving antennas are randomly
switched to a single receiving channel. [22] proposed a low-
cost time-modulated wideband antenna array. [23] proposed
a single channel RF method based on Code Division
Multiple Access (CDMA) technology to reduce the size and
cost. Similarly, [24] proposed a time sequenced phase
weighting (TSPW) technique that only needs a single RF
channel. The original element-level signal of the array can
be recovered by dispreading processing. The impact of
imperfections in 0/ phase shifter network of TSPW was
studied in [25]. [26] applied the compressed-sensing theory
to TSPW array to reduce the sampling rate.

To increase the degrees of freedom (DOF) of linear
arrays, [27] proposed a nested array geometry. By
processing multi-channel sampling signals, this array can
obtain a DOF far greater than that of the original array. [28,
29] proposed an improved array geometry to reduce the
mutual coupling. However, since this technology also
requires element-level array signals, it is unsuitable for
conventional phased arrays.

In this letter, a low-cost super-resolution FMCW radar
combined with TSPW technology and nested geometry is
proposed. With a single RF channel only, the proposed array
can obtain the element-level signals received by each
antenna element. Additionally, taking advantage of the
nested array geometry, the DOF of the proposed array is
significantly higher than that of the conventional element-
level digital array and TSPW array with the same number of
physical array elements.
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2. Scheme of the Nested-TSPW array radar

The structure of the Nested-TSPW array radar is shown in
Fig. 1. It uses a wide-beam transmission antenna as the
radiating element. The main beam width is sufficiently
broad to cover the road ahead, thereby eliminating the need
for mechanical or electronic scanning to obtain adequate
echo gain during operation. The receive antenna is a two-
level nested array that contains two uniform linear arrays
(ULA), namely the inner array and the outer array. The
number of array elements of the inner and the outer array are
denoted as N; and N, respectively. The total number of
antenna elements is N=N;+N,. The space between adjacent
elements is denoted as d;1 and d;», which satisfy

L =(N +Dd, (1)
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Fig. 1 The structure of the Nested-TSPW array radar.

According to Fig. 1, each array sensor of the receive
antenna is connected to a 0/m phase shifter. The weighted
array signals are combined at RF domain. The 0/n phase
shifter only provides 0 or m phase shift value and can be
controlled by the digital signal processor (DSP). After
down-conversion and filtering, the single channel weighted
signals are digitized and sampled by the analog-to-digital
converter (ADC).

3. Signal model and processing algorithm
3.1 Signal model

The transmitting signal is FMCW signal, which can be
described in the time domain with multicycle sweep as

ss(t)=exp[j27z(f0(t+mT)+%at2)] , 0<t<T (2)

where fj is the starting frequency, T is the sweep repetition
period, ¢ indexes the fast time snapshot, m =0, 1, ---, M-1is
the number of slow time snapshot, =B/T is the chirp rate,
and B is the bandwidth. Let Ry, Vi, 6, denote the initial range,
relative radial velocity, and azimuth angle of the kth target,
respectively. The signals received by different antenna
elements have a relative phase difference Ay, —associated
with the direction of arrival (DOA). It can be written as
Ay, ,=j2nd,sin6,/4, where 4 is the wavelength of the carrier
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frequency, di is the distance of the nth antenna element with
respect to the reference element. For the proposed system,
di1=A/2 and di2 = (N1+1)A/2. The antenna element positions
are denoted as D={nd;,, n=1, -+, N;}U{nd,;,, n=1, -, N,}.
The echo of the kth target received by nth antenna is

sr,k,n(t)
= exp{jZnI: f, (t+mT —rk)+%a(t—rk)2:|+A¢k,n} @

where 7,=2[R+V,(t+mT)]/c is the time delay associated
with the kth target and ¢ denotes the electromagnetic wave
propagation speed. Assuming there are K targets in front of
the radar the final signals recevied by the nth antenna is
S, (D= 2450 5.40(0) +2(1), where z(?) is the zero-mean additive
white Gaussian noise (AWGN).

The sampling process and the radar data cube are
illustrated in Fig. 2. The echo signals are weighted by the
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Fig.2 The radar data cube and weighting combination process.

0/m phase shifters. For an array with N elements, these
shifters change state N times during one single-channel
sampling cycle to form a Walsh-Hadamard matrix H. The 0
and 7 weighting states correspond to the values 1 and -1 in
H, respectively. The weighting values of the pth sample can
be considered as a vector W=[iy, W+, i ], where
0<p<N-1. After combining, a single-channel signal is
obtained, which can be represented as

¥, = 7S, ) =hS(,) @
where S(6,)=[S0(5,): S1(5,): - St (8,)]1'-

After mixing and passing through a low-pass filter, a
zero intermediate frequency (IF) single-channel signal is
obtained, which is denoted as

Ve (t,) = S PSF t,) =h?S,. t,) )
where "
S, (t,)
= gexp[j%(%tp +V"—f°mT +%“f°) AY/ ©

S][\ﬁl(tp)]r. A single-channel

» Sr(8,)=185 (2,), ST (1) -+
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sampling cycle contains N zero-IF signals. Thus, the
samplings obtained within a sampling period is

yIF (tO) hOSIF (tO)
Y= : = : @)
yIF (tN—l) hN71le (tN—l)
According to Egs. (5) and (6), it can be seen that the
effective information of the target is contained in SiF ().

For an element-level digital array, the signal S (t,) is
considered to be the original element-level array signals,
which can be directly acquired and processed for angle
super-resolution algorithms. However, for a single-channel
array, the only signal that can be obtained is y,(,). It
cannot be directly used for angle super-resolution.

3.2 Signal processing

The signal processing flowchart of the proposed system is
illustrated in Fig. 3. For angle super-resolution, the original
element-level array signals should be obtained first.
According to Eq. (5), the zero-IF signal of one target is a
sinusoidal signal. When viewed from a multi-period
perspective, it is a frequency-modulated signal. Since the
phase of the single-channel signal is time-varying during a
single-channel sampling period, directly applying the TSPW
technology to the samplings Y to recover the original array
signals will result in significant errors, thereby degrading the
performance of the angle super-resolution algorithm.
Therefore, a pre-reconstruction process is added before
applying the TSPW technology to recover the original signal.
The essence of the errors when directly recovering the
signal is that the time-varying signal, with different
weighting states, has been sampled at different times. The
signals with the same weighting value are missing.
Considering the maximum detection range to be R, let the
minimum sampling frequency of the fast snapshot for the

proposed radar system F satisfies
F, > 2Nf, .. ®)

where fj, max is the maximum frequency of the zero-IF signals,
corresponding to Rua. The switch frequency of the 0/n
phase shifters is equal to Fs. Then, the proposed system
satisfies the Nyquist-Shannon sampling theorem and the
algorithm based on shannon interpolation proposed in [30]
can be used to obtain the missing signals. Denote the pre-
restored signals of one sampling cycle as G. It is an NxN
matrix and can be written as

Single-channel time=
sequence signals

Fast Time Slow Time
FFT

Fast Time Slow Time
Pre-reconstruction FFI FET

of the signal
v

Orthogonal Time-
Reversed Signal t
Reconstruction FET

— Distance
FFT CFAR

—» Veloctiy

Fast Time H Slow Time
FFT

Fig.3 Signal processing flowchart.

hOSIF (tO) hOSIF (ti)
G= hlSlF (t,) hlsm (t)

hOSIF (tN—l)

hlSIF (tN—l) (9)

h"S(t) h"'S, (1) ", ()

where §Zw(tp) is the recovered missing signals under the
same weighting value. Then, Eq. (9) can be rewritten in
matrix form as

G= [HS,(to) HS,(t1) HS,(tN—l)] (10)

The Walsh-Hadamard matrix has the property that H'H =

Ny and H'=1/NH’. By exploiting the property, the

reconstructed element-level array signal can be expressed as
_ 1 ' / '

S=H"G :WHTG =[S'(t,) ---S'(t,)--- S'(ty D] (11)

The signal S(#,) contains the same information about the

targets as that contained in SIF(tp). One slow sampling

period contains multiple S. Multiple slow sampling data

form a frame of data. The frequency of the signal is

2R
f,=2Ralc="Z

(12)

Additionally, the phase changes over different sweep
periods, which are associated with the Doppler frequency f;
caused by the relative motion of the targets. The Doppler
frequency is

fd:ZkaO/c:ZV“]c

(13)

In practice, by applying 2-D FFT, the range-Doppler
frequency spectrum is obtained. The constant false alarm
rate (CFAR) detector is applied to detect the target. The
range and velocity of the kth target are
R _BTC e

2B 2f,

Once the targets have been detected, the angle
estimation can be performed. Since the reconstructed signal
has the element-level information, the angular super-
resolution algorithm can be applied. Assuming a peak,
detected from the recovered signals of the nth elements, is
located at the ath row and fth column in the range-Doppler
frequency spectrum. Denote the peak data of the gth frame

of the nth element as xZﬁ(q). The snapshot for DOA is
X, () =[X] 5 (@), X} ()] (15)

The covariance matrix R, after the accumulation of Q frames,
can be estimated as

(14)

1 Q
R==>"X, ,(9)(X,,(a))" (16)
Q q=1
The signal of the difference co-array (DCA) is
X =vec(R) (17)

where vec(R) is the vectorization of the matrix R. By
employing the spatial smoothing multiple signal
classification (SS-MUSIC) algorithm [27], angle super-
resolution can be achieved.



4. Simulation results

The simulation parameters for the proposed system are
detailed in Table 1. A wide beam antenna with a 3dB
beamwidth of 40° is used as the transmission antenna. The
beamwidth is sufficient to cover the road area 200 meters
ahead of the radar, and beam scanning is not required during
operation. The element locations of the recevied array is

[0.54, 14, 1.54,24,2.54, 54, 7.5, 104] with N\=N,=4.

Table I Parameters for simulations

Parameter Value
Initial Sweep Frequency 24.125 GHz
Sweep Bandwidth 200 MHz
Sweep Repetition Period 0.2 ms
Signal Wavelength 12.4 mm
Switch Frequency of Phase Shifter 25 MHz
Number of Frames 16

Number of Antennas 8

ADC Sampling Rate 50 MHz
Number of frames 16

Consider 4 targets located in front of the system with
initial distances and velocities R;1=100 m, R,=70 m, R3=40
m, R4+=90 m, V=0 m/s, V>=3 m/s, V5=5 m/s, and V4s=9 m/s.
The angles are —60°, —30°, 25°, and 50°. The signal-noise
ratio (SNR) is set to -5dB. The commonly used range-
velocity spectrum and the DOA estimation outcomes
produced by the proposed radar are shown in Fig. 4. Then,
the snapshot x,;4(g), corresponding to these target is
obtained. It can be seen that the range, velocity, and angle
information of the targets are estimated correctly by the
proposed radar system.

Next, we investigate the angular super-resolution
ability of the proposed system. A conventional phased array
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Fig. 4 Performances of the proposed system. (a) Range-velocity
spectrum (b) DOA spectrum.
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Fig. 5 The spatial spectrum of two closely spaced sources, which
cannot be distinguished by the range-velocity spectrum.
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Fig. 6 The spatial spectrum when the number of targets exceeds the
number of array elements.

radar and an element-level digital array radar are also
presented for comparison. Both employ an 8-element ULA
as the receiving antenna. The element spacing is 0.51. Apart
from the switch frequency of phase shifter, the other system
parameters are the same as those presented in Table L.
According to the configuration, the angular resolution of the
normal phased radar is 14.3°. Consider two targets located
in front of the system with angles of arrival at 4° and 8°. The
initial distances and velocities are R1=R,=100 m, V,=V>=10
m/s. The SNR is set to -5dB. In this scenario, these two
targets cannot be distinguished from the range-velocity
spectrum. For DOA estimating, the phased array radar
exploits the classical beamscan method, element-level
digital array radar uses the MUSIC algorithm, and the
proposed system employs the SS-MUSIC algorithm. Fig. 5
shows the DOA estimation results for these three systems. It
can be found that these two targets have been clearly
distinguished by the proposed system and the digital array
radar. Since the angular separation is smaller than the
Rayleigh resolution criterion, the conventional phased array
radar cannot correctly resolve these two targets as expected.

To demonstrate the capability of the proposed radar to
resolve more sources than sensors, we set 15 targets in front
of the system, whose spatial incidence angles are uniformly
positioned from —70° to 70°. The normalized spatial MUSIC
spectrum is shown in Fig. 6. It can be observed that our
proposed radar can resolve all 15 targets correctly, while a
conventional element-level digital radar fails.

Normalized magnitude

I
1
|
1
i
1
1

5. Conclusion

In this letter, we propose a low-cost, super-resolution
FMCW phased array radar via a single RF channel sampling
scheme to reduce hardware cost and design complexity. The
structure and the signal processing method are introduced.
Simulation results demonstrate the effectiveness of the
proposed system. Future work includes analyzing the
reconstruction error and finding a more rapid reconstruction
algorithm.
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