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According to the limitations of single channel Frequency Modulation Continuous Wave (FMCW) Synthetic Aperture Radar (SAR),
Digital Beamforming (DBF) technology is introduced to improve system performance. Combined with multiple receive apertures,
DBF FMCW SAR can obtain high resolution in low pulse repetition frequency, which can increase the processing gain and decrease
the sampling frequency. The received signal model of DBF FMCW SAR is derived. The continuous antenna motion which is the
main characteristic of FMCW SAR received signal is taken into account in the whole signal processing. The detailed imaging
diagram of DBF FMCW SAR is given. A reference system is also demonstrated in the paper by comparing with a single channel

FMCW SAR. The validity of the presented diagram is demonstrated with a point target simulation results.

1. Introduction

The combination of Frequency Modulated Continuous Wave
(FMCW) technology and Synthetic Aperture Radar (SAR)
paves a way to light-weight, cost-effective, high-resolution
active microwave remote sensing instrument. This system
is suitable for small platforms such as Unmanned Aerial
Vehicles (UAV). In the last years, several FMCW SAR systems
have been constructed and have been successfully used in
ice measurement [1], environment monitoring [2], three-
dimensional application [3], and so on [4, 5].

However, these systems are currently applied in the short
range and narrow swath case. According to the single channel
FMCW SAR radar equation [6], the most immediate method
for improving the system performance is to increase the
transmission power. Nevertheless, high power transmission
is not a suitable solution because of the isolation problem
between transmitter and receiver and the increasing system
complexity. Moreover, when operating in high resolution
such as 0.1 m mode, the aperture length of antenna in azimuth
is very small. This will decrease the antenna gain of single
channel FMCW SAR systems, and then it will decrease the
Signal Noise Radio (SNR) of SAR images.

In pulsed SAR systems, wide unambiguous swath cov-
erage and high azimuth resolution are also contradicting
requirements. Several proposals, such as multiple beam SAR
system operating in a squinted imaging geometry [7], dis-
placed phase center antenna technique [8], quad array system
[9], and High-Resolution Wide-Swath (HRWS) SAR system
[10], have been presented to resolve the aforementioned
dilemma. Those systems have their own advantages and
disadvantages. However, their basic principle is ambiguity
suppression using Digital Beamforming (DBF) technology
combined with multiple antennas.

The HRWS SAR concept relies on separated transmit
and receive antennas, which is also the characteristic of
FMCW SAR systems. So the HRWS concept may be a suitable
solution for improving the system performance of FMCW
SAR. Now, multichannel FMCW SAR is becoming a hot area
of miniature SAR research. And many research institutions
have announced their research projects on multichannel
FMCW SAR [11-14].

According to the imaging algorithm of pulsed DBF SAR,
the basic steps are firstly the azimuth reconstruction and then
single channel imaging. However, the multichannel azimuth
reconstruction algorithm [15] is based on “stop and go”



hypothesis. Compared with pulsed SAR received signal, the
main characteristic of FMCW SAR received signal is that the
continuous antenna motion must be taken into account; that
is, the “stop and go” hypothesis is not valid for FMCW SAR
[16]. So the impact of continuous antenna motion to azimuth
reconstruction must be analyzed. Furthermore, there are
many imaging algorithms for single channel FMCW SAR.
The best algorithm for DBF FMCW SAR when considering
some nonideal factors such as sweep frequency nonlinearity
should also be chosen carefully.

The remaining sections are organized as follows. Com-
pared with single channel FMCW SAR, the performance
improvement of DBF FMCW SAR is given in Section 2. The
signal model, the impact of continuous antenna motion, and
the complete imaging diagram of DBF FMCW SAR are all
presented in Section 3. Next, an example system is designed
and the numerical simulation results are given in Section 4.
Finally, Section 5 concludes the whole paper.

2. Performance Improvement

The noise equivalent sigma zero (NESZ) is a quantity directly
related to SAR imaging performance, which is defined as the
target Radar Cross Section (RCS) when the SNR of the image
is equal to one [17]. The NESZ of single channel FMCW SAR
is expressed by [6]

(47)°r* sin KTy FB L

NESZ =
PthAZPaPrGaGr

)

where r is the slant range, ¢ is the incidence angle, K is
the Boltzmann constant, T is the system noise temperature,
F is the receiver noise figure, By is the noise bandwidth,
L, is the loss factor, P, is the transmitted signal power, G
is the antenna gain, p, and p, are the azimuth and range
resolution, respectively, and G, and G, are the azimuth and
range processing gain, respectively.

2.1. Antenna Gain. From (1), we know that the transmit
and receive antenna gains in single channel FMCW SAR
system are the same. However, in DBF FMCW SAR, the
receive antenna gain is not equal to that of the transmit
antenna. Assum that MN receive channels are used, M is the
antenna number in azimuth, and N is the antenna number
in elevation. The multiple receive apertures are shown in
Figure 1.

The DBF in azimuth is applied to suppress the azimuth
ambiguity. This does not increase the antenna gain. In
elevation, the channels are coherently combined. Performed
by the SCan-On-REceive (SCORE) technique, the DBF in
elevation can obtain full array gain over a wide area. Thus,
under the same resolution and swath width, the maximum
receive antenna gain of the DBF system is

G, = NG. 2)

The DBF technique increases the antenna gain by N times,
compared to the single channel system.
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2.2. Range Processing Gain. Range processing of FMCW
SAR is analog with pulsed SAR. They are all based on
pulse compressing using matched filter. Theoretically, range
processing gain is about the following:

GT = TTBT’ (3)

where T, is the pulse width and B, is the signal bandwidth.
For FMCW SAR, the value of T, is equal to 1/ f,,, where f,
is the pulse repetition frequency (PRF). If we decrease the
system PRF using M receive channels in azimuth, we can get
M times signal processing gain compared with single channel
system. The signal processing gain is increased at the cost of
long processing time.

2.3. Sampling Frequency. In order to maintain the low-power
and lightweight characteristics of FMCW SAR, the sampling
frequency should be chosen as lowly as possible. According
to the Nyquist theorem, the lowest sampling frequency for
FMCW SAR is

2 (rmax - rmin) 2 (rmax B rmin)
fo= ko St 2 p g Sl (g
where k, is the chirp modulation rate and r,,,,, and r,;, are
the maximum and minimum slant range, respectively. The
sampling frequency is also directly proportional to the PRF.
That is to say, the sampling frequency of multichannel FMCW
SAR is 1/M times of that of single channel FMCW SAR.
The DBF FMCW SAR operates with alow PRF to increase
the swath width. To decrease the PRE, the significant and
challenging processing is the azimuth ambiguity suppression.
In the next section, we focus on the multichannel signal
reconstruction in azimuth.

3. Signal Processing

3.1. Received Signal Model. Let the transmitted signal of
FMCW SAR be written in complex form as follows:

ssp(n,t) = exp [jZTL' <fc t+ %k, (t- nTr)2>] , (5

where f, is the center frequency, n is the sweep number,
and ¢ is the time variable. Because signal amplitude has little
effect in SAR signal processing, so for simplicity, antenna
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gain, amplitude effects of propagation on the signal and any
additional time delays due to atmospheric effects are ignored
in the following discussions.

The received signal is a delayed version of the transmitted
one. The M channels of received signals in azimuth are
processed. The mth received signal is

58, (1, 1)
=ex ['2n<f~<t—rt;m>+lk
p .] c CO 2 T (6)

r 2
'(t_nTr_ﬂ> )]7
%

where ¢, is the velocity of light and r,,, is the roundtrip
instantaneous slant range which can be written as

rt,m (t; rO) =Tix (t; 1’0) + rrx,m (t; TO) > (7)

where 1, (t; y) and 1, ,,,(t; 7)) are transmit range and receive
range, respectively. In the single channel case, 7, (¢;1,) is
equal to r,,(t;ry). However, it cannot be valid in the
multichannel case. This is the main difference between the
multichannel and the single channel FMCW SAR received
signal.

Dechirp on receive is often used in FMCW SAR. In
order to further decrease the sampling frequency, and then to
decrease the data in range dimension, the radar demodulates
the received signal by mixing it with a replica of the transmit-
ted waveform delayed by a time 7,.; = 2 - r./c,, where r is the
slant range distance of the swath center. The reference signal
is

SSpef (M 157,)
= exp [jZn <fc (t = Tep) + %k, -(t —nT, - ‘rref)zﬂ :
(8)

The intermediate frequency signal that results from mix-
ing (8) with (6) is

$8,, (M, 1575

.27ch TT kr 2
= - . . —r. -2
exp ( ] Co rt,m) exp |:] C2 (rt,m rc) :| (9)

0
27k 2r
- exp [_]Tr (reg —2r.) - (t—nTr - é)] :

Using Taylor series, the round-trip range r; ,,,(t; ) can be
expanded as

Tom (t70) = \ro + V22 + \r2 + (vt - Ax,,)
~Arg + vtk \rd 4 (v, - Axm)z - Afat,

Ax2, (vt, - Ax,,[2)

7+

4r, 7y

= 2T0 + - Afdtr’

(10)

where t, = nT, and t, = t — nT, represent azimuth time and
range time, respectively. v is the velocity of the platform, r,
is the closest distance between antenna and the scatter. Ax,,
is the distance between the transmit antenna and the mth
receive antenna, A = ¢/ f, is the wavelength, and f; is the
approximate Doppler frequency shift during the transmission
of one sweep as follows:

£, = 1 Vv, s v(vt, - Ax,,)

3 (1)
\/rg +12 12 \/rg + (v, - Ax,,)’

Different from pulsed SAR, f; introduced by the contin-
uous antenna motion should be taken into consideration, for
the “stop and go” hypothesis is not valid for FMCW SAR. This
can be seen from the simulated results in Figure 5.

After substituting (10) into (9), the received signal of
channel m can be rewritten as

SSm (ta’tr;ro)

A 2m Ax2,

=ep (< o) e |
0

[ o (v, - Ax,,/2)

+ €Xp —]T o

] - €Xp (jznfdtr) (12)

S

-_47Tk,
-exp | j 2
Y

A (tgsr0) - )] ,

where r(t,;7,) is the azimuth dependent distance to the
scatter which can be expressed by

r(tyry) = \rg + v - 12 (13)

In (12), the first to third exponential terms are the azimuth
phase history of multichannel FMCW SAR. The fourth term
represents the range cell migration due to continuous antenna
motion, that is, the Doppler impact in one sweep. The
fifth term represents the range signal, which is a sinusoidal
signal with a constant frequency value corresponding to the
azimuth dependent distance to the point target. The sixth
exponential term represents the residual video phase (RVP)
term.

3.2. The Impact of Continuous Antenna Motion. As men-
tioned above, the main characteristic of FMCW SAR is the
continuous antenna motion. The range cell migration (RCM)
introduced by the continuous antenna motion may result in
reconstruction mismatch. Even worse, the extraphase term
introduced by the continuous antenna motion may degrade
the quality of the focus image.

Multichannel azimuth reconstruction algorithm [15] is a
suited approach to process pulsed DBF SAR data in azimuth.



According to the algorithm [15] and the received signal model
of DBF FMCW SAR described as (12), the reconstruction

Mathematical Problems in Engineering

filters P(f,) for DBF FMCW SAR can be calculated by the
following equation:

Py (fa) Plz(fa+fp) PlM(fa+(M_1)fp)

p(fa)zH‘l(fg)z PZI'(fa) Pzz(f(T”pr) PZM(fa+(.M_1)fp)

(14)

Pus () Paa(fut £,) - Paast (fut (M= 1) £,)

[ .rrAxf TTAX,
eXp(—J Mr())erP(—J ” fa>
,nAxf A,
N I e

Using basic matrix theory, the system matrix H can be
decomposed as a matrix Q multiplied by a diagonal matrix
D, where only the elements of D are dependent on the slant
range 1. And the diagonal elements of D can be written as

(D), = 5 (16)
mm — eXp ]7T ZATO .

In the SAR case, the range history is not a line but spans
several range cells, which results in mismatch between the
signal and the reconstruction. In FMCW SAR, the additional
mismatch introduced by the continuous antenna motion is

2
A(P — T[Axm Ardfm

. R 17
" 20 1y (rg + Arggn) 17

in which Argg,, represents the maximum RCM introduced by
the continuous antenna motion of channel m. The mismatch
can be derived from (14) to (16).

Figure 2 shows a simulated RCM introduced by the
continuous antenna motion using the parameter listed in
Table 1. In this case, Argg, is about 1m. Calculated by (17),
the mismatch introduced by this RCM is about 4 x 107° rad,
which is negligible. Here, Ax,, = 5m is assumed. On the
other side, Arg,, is about 10 times of the range resolution.
This RCM must be compensated according to SAR imaging
theory [17]. In a word, for DBF FMCW SAR, the impact of
continuous motion antenna is negligible during multichannel
azimuth reconstructing [15]; however, it must be considered
during RCM correction.

Ax? A '
o (82 e (25 - 5) -

where H(f,) is

_71sz TTAx
exp (—J WM)exp <—J VMfa>
0

i ) exp (<1722 (£, + £,))

A
P\ 2Ar,
0

.nsz ,. A
exp (—] 2Ar2/1>exp <_]¥ (fa + (M - l)fp)>_
(15)
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FIGURE 2: RCM introduced by the continuous antenna motion.

3.3. Signal Processing Diagram. The first part of signal pro-
cessing for DBF FMCW SAR is the azimuth ambiguity
suppression. All the recorded subaperture signals whose
azimuth frequencies are aliasing become an equivalent single
channel signal without azimuth ambiguity. To focus the
signal, the second part of the diagram is the classic single
channel SAR imaging.

In the first part, multichannel azimuth reconstruction
algorithm [15] is chosen because the algorithm can relax
the imposed constraints on system design and the algorithm
performance is rarely affected by the continuous antenna
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TABLE 1: System parameters.

Parameter Multi-Channel  Single Channel
System System
RF center frequency 15 GHz 15GHz
Band Width 1.5GHz 1.5GHz
Operational Altitude 5000 m 5000 m
Operational Velocity 70 m/s 70 m/s
Swath Width 7km 7 km
Resolution 0.1m x 0.1 m 0.1m x 0.1 m
Radar Losses 2dB 2dB
Incidence Angle 5-70° 5-70°
Number of Receive Apertures 2 1
Transmitted Power 5W 5W
Transmit Antenna Gain 19.5dB 19.5dB
Receive Antenna Gain 19.5dB 19.5dB
PRF 350 Hz 700 Hz
Range Processing Gain 66.3dB 63.3dB
Sampling Frequency 16 MHz 32 MHz

motion. In the second part, frequency scaling algorithm [16,
18-20] is combined with the DBF technology. This algorithm
has not only efficient and accurate processing but also real-
time integrated motion compensation [19] and easy sweep
frequency nonlinear correction [16, 20].

The entire signal processing block diagram of DBF
FMCW SAR is shown in Figure 3 including the following
steps.

Step 1. Apply Azimuth Fast Fourier Transform (FFT) to the
received signal of each channel. Then, the Doppler domain
signal Ss,,(f,,t,;1,) is obtained, where f, is the azimuth
frequency.

Step 2. Design the azimuth reconstruction filter P(f,) by
using (14) and (15). The reconstruction filter of channel m can
be written as

Pm(fa)z[Pml (fa) P (fa) PmM(fa)]' (18)

Step 3. Multiply each channel signal to the corresponding
reconstruction filter. At this time, the signal becomes

SSAR,m (fa’ tr; 1’0) = Ssm (fa’ tr; 7’0) ! Pm (fa) . (19)

Step 4. Add each channel signal after passing the correspond-
ing reconstruction filter. Then, we can obtain the equivalent
single channel signal Ss(f,,t,;7;), which has nonazimuth

frequency aliasing. And it can be written in convolution [16]
as follows:

Ss (fa’tr;ro)

A, .
= {eXP <—] A‘)ﬁ >exp (j2nfat,)
4tk

()2 w

e (fn )|

® exp (—jﬂk,tf) ,
where f8 is the RCM factor defined by

fok? (1)

42

ﬂ(fa)z \]1_

where src(f,,t,;7,) is the secondary range compression as
follows:

2r kA (P -1 2
et n |- E )20
o

%
2mrok’ A2 (ﬁz - 1) 2r.\
€ p c(:)), ﬁs ( r - z)

(22)

Step 5 (frequency scaling transform). Multiplying the signal
Ss(f,»t,51y) with the frequency scaling factor, we have the
following:

Hig (foot,) = exp [ jmk, (1- B)£7]. (23)

Step 6 (continuous antenna motion correction). Multiplying
the signal with the Doppler frequency correction factor, we
have the following:

HDFC (fa’ tr) = &xp (_j2ﬂfdﬂ : tr) . (24)

In actual implementation, Steps 5 and 6 can be completed at
the same time. The signal Sspg(f,, t,; 1) is obtained as follows:

Sses (fast,370) = S5 (fasty370) - Hys - Hpgs. (25)

After an equivalent transform, (25) can be expressed as

SSFS (fa’ tr; TO)

feol-r72)

X exp [—14%(’ (%’ - n) (ﬂtr - %)] (26)
exp [~ jmk, B (B~ 1)£]]

x stc (fo, Pty ro)} ® exp (—jﬂkrﬁtf) :
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FIGURE 3: Signal processing block diagram for DBF FMCW SAR.

Step 7 (RVP correction). The correction is applied in 2D
frequency domain. It is to eliminate the last exponential
term in (26). After FFT in range dimension and multiplying
with the RVP correction factor Hyype(f,» f,), IFFT in range
domain is performed. The signal Sspypc( f,» 5 7,) is obtained
as follows:

Sspyec (fartr370)

o5 )2

- €xXp [_jﬂkrﬁ (ﬁ - 1) tf] src (fu’ ﬁtr; rO) .

(27)

The RVP correction factor is expressed as

(28)

Hyypc (for f) = exp (_]Zf;j ) .

Step 8 (inverse frequency scaling transform). Multiply Sspypc
(f,>t,5 1) with the inverse frequency scaling factor Hypg( f,,
t,) which is

Higs (foot,) = exp [ jrk, B (B—1)£7].

Step 9. Secondary range compression: multiply the signal
with the secondary range compression factor Hgp(f,, t,57,)
which is described as

HSRC (fa’ tr; Tc) = SI‘C(fa, /jtr; rc)*’

where the approximation r,. = r, is required.

(29)

(30)
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FIGURE 4: The azimuth aliasing spectrum before reconstruction filters (a) and the aliasing-removal spectrum after reconstruction filters (b).

Step 10. Bulk range shift: multiply the signal with the bulk
range shift factor Hyy (f,, t,; r.) which is described as

(1) (-]

(31)

Ank,r.
HBV (fa’ £, rc) = €xp [J—

In actual implementation, Step 8 to Step 10 can also be
completed at the same time. We obtain

Ssremc (fastr370) = Ssrypc (fastr370) - Higs - Hspe - Hpy

A,
oo(2%8)

_.4nkr(r0_rc) _& :|
XeXp[J op (ﬁt' 602 )
32

Step 11. Apply FFT to Sspeme(fas tr57p) in range dimension.
At this time, the range compression is completed as follows:

Ssremc (fos fri70)

(o2

(33)

Step 12. The 2D focused image of DBF FMCW SAR is
obtained after azimuth matched filtering [18].

4. Simulation Results

The parameters of an example FMCW SAR system using
dual channels combined with DBF are listed in Table 1. The
corresponding parameters of single channel FMCW SAR,

which is very similar to MicroBSAR described in [6], are also
given. There are two parts in the simulation. One is imaging
simulation, the other is performance simulation.

4.1. System Parameters Design. To achieve the required res-
olution in azimuth, the Doppler bandwidth must be greater
than 700 Hz. The transmit antenna length in azimuth should
be less than 0.2 m. According to the swath width, the transmit
antenna length in elevation can be chosen to be 2.9 cm, which
corresponds to 40° beamwidth. The transmit antenna gain is
19.5 dB with the antenna efficiency 0.5.

The receive antenna is the same with the transmit antenna
for single channel FMCW SAR. In the two-channel system,
the receive antennas are placed in azimuth. The receive
antenna gain is still the same. However the overall receive
antenna length in azimuth reaches 0.4 m.

According to the Nyquist theorem, the PRF of classic
FMCW SAR should be greater than the Doppler bandwidth.
However, the PRF of DBF FMCW SAR can be chosen to
be 700/2Hz using two receive channels. To ensure a slant
range resolution of 0.1m, a chirp bandwidth of 1.5 GHz is
necessary. The range processing gain 66.3 dB is obtained for
DBF FMCW SAR. Nevertheless, that value of single channel
FMCW SAR is only 63.3 dB. The sampling frequency of DBF
FMCW SAR and single channel system are 16 MHz and
32 MHz, respectively. All the parameters are listed in Table 1.

4.2. Imaging Simulation. The target raw data are simulated
using the two-channel system parameters listed in Table 1 by
(9). To investigate the method of DBF technology and the
effects of the continuous antenna motion, the raw data are
processed by using the algorithm described in Figure 3.

The azimuth reconstruction is shown in Figure 4.
Figure 4(a) shows the azimuth aliasing spectrum of the
first channel signal in the two-channel system before
reconstruction filter. After filters of P,(f,) and P,(f,),
respectively, add the first channel signal and the second
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FIGURE 5: Contour plots of impulse response function of a point target without azimuth reconstruction (a), without Doppler frequency
correction (b), and with azimuth reconstruction and Doppler frequency correction (c).

channel signal together. Then the azimuth spectrum is
completely reconstructed. The reconstruction result is
shown in Figure 4(b). The DBF coherently combines the two
channel signals in azimuth and reconstructs a wide Doppler
spectrum about 700 Hz.

Using the parameters of the two-channel example system,
the signal processing presented in Section 3.3 is simulated.
Figure 5 plots the 2D contour maps of the impulse response
function of a point target. Only the values above —27 dB
are plotted. The result of the proposed processing algorithm
is plotted at the bottom. Figure 5(a) is the result with-
out azimuth reconstruction. The performance is seriously
degraded because the azimuth spectrum is overlapped as

Figure 4(a) shows. To explore the characteristic of FMCW
SAR distinguished with pulse SAR, Figure 5(b) illustrates the
result without Doppler frequency correction factor which is
expressed as (24). In terms of the resolution and shape of the
response, it is shown that the reconstruction is successful and
the impact of the motion within one sweep in FMCW SAR
needs to be compensated.

4.3. Performance Simulation. Using the parameters in
Table 1, NESZ for DBF FMCW SAR has been calculated over
a range of incidence angles, which is shown in Figure 6. The
result for single channel system is also shown in Figure 6.
When calculating NESZ, the receiver noise figure is chosen
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FIGURE 6: NESZ versus cross track range for DBF (solid) and single
channel FMCW SAR (dotted).

as 3 dB. The DBF FMCW SAR achieves a NESZ below —10 dB
along the entire swath. 5W of transmitted power is sufficient
to image vegetation and farmland. However, the result of
classic FMCW SAR in the edge of the swath is only —5dB,
which is not sufficient to obtain good far-range imagery. The
reason is that there is higher signal gain for DBF FMCW
SAR.

5. Conclusions

A multichannel receive antenna FMCW SAR system com-
bined with DBF is introduced. DBF FMCW SAR overcomes
the limitation of high PRF caused by high azimuth resolution.
It has higher receive antenna gain and range processing
gain than single channel system. The received signal of
DBF FMCW SAR is modeled. The impact of continuous
antenna motion which is the main characteristic of FMCW
SAR is negligible in multichannel azimuth reconstruction
for DBF FMCW SAR, but it must be considered in the
process during RCM correction. The whole signal processing
diagram is given. Simulated point target experiments have
been performed to verify the processing diagram successfully.
Future works will include performance analysis thoroughly,
moving target indication, and the miniaturization of the
system.
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