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Comprehensive Analysis for Shifting MIMO SAR System

Sang Ho Lim"

Abstract—Synthetic aperture radar (SAR) system has inherent constraints between high azimuth
resolution and wide swath width. Achieving more phase center samples is one of the key solutions
to resolve this limitation. By multiple N transmitting and N receiving channel concept, an increased
resolution or a widened swath width could be obtained. In this paper, comprehensive analysis for shifting
multiple-input multiple-output (MIMO) SAR system is presented. System resolution enhancement has
been demonstrated based on the distributed target simulation by a factor of N compared to conventional
displaced phase center antenna (DPCA) system.

1. INTRODUCTION

Conventional synthetic aperture radar (SAR) systems which use a single antenna aperture for
transmitting (Tx) and receiving (Rx), have inherent limit for achieving a wide swath width W, and a
good azimuth resolution p, together. This limitation can be expressed about pulse repetition frequency
(PRF) as follows:

Up c

paNAfd<PRF<2-Wg-sin(0i) (1)
where v, is airborne or spaceborne platform velocity, Af; the Doppler bandwidth, ¢ the speed of light
and 6; the incident angle. From this inequity, PRF boundary could be determined with considering an
appropriate azimuth resolution and a suitable swath width.

Airborne SAR system has a large boundary about the PRF because of the slower velocity and
smaller swath width than spaceborne SAR system. For those reasons, a high PRF for obtaining both
wide swath width and high resolution can be simply selected [1]. For spaceborne SAR system, which has
a faster platform velocity and a wider required swath width, several novel studies based on the displaced
phase center antenna (DPCA) technique have been introduced for overcoming the constrains [2-6].

Using the conventional DPCA system, we can obtain additional samples in the azimuth direction
by a factor of N, which is the number of Rx channels, during each pulse repetition interval (PRI). By
increasing the number of samples, an improved azimuth resolution or a decreased PRF can be achieved
by a factor of N. When considering the Tx and Rx channels for the systems, DPCA SAR system
can be explained as a single-input multiple-output (SIMO) system. For getting more samples, novel
multiple-input multiple-output (MIMO) SAR system concept design based on a multiple Tx antenna
shift method has been introduced [7], and various types of MIMO SAR systems have received much
attention due to their attractive application potentials [10-13]. The shifting MIMO SAR system has N2
samples during one PRI, and it results in an increased azimuth resolution or the decreased operating
PRF by a factor of N, number of Tx channels, compared to the DPCA-based SAR systems.

In this paper, comprehensive analysis for the proposed shifting MIMO SAR system is presented.
Figure 1 shows the total block diagram of the suggested shifting MIMO SAR system which includes
a Tx pulse generation set, an air interface, Rx demodulation, dividers, range compression, phase
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Figure 1. Total block diagram of proposed shifting MIMO SAR system.

compensation, range cell migration correction (RCMC), data arrangement, and azimuth compression
blocks. Through the phase compensation blocks, we can consider the phase errors caused by the discrete
distribution of element antennas of a large array. Based on the detailed total system analysis, it would be
straightforwardly possible to apply this suggested method to real spaceborne SAR system. This paper is
organized as follows. In Section 2, I briefly explain the suggested shifting MIMO SAR system compared
to the conventional DPCA-based SAR system. In Section 3, a detailed analytical description of the
proposed shifting MIMO SAR system is presented. The performance analysis based on a distributed
target simulation is presented in Section 4. I conclude the paper with a brief summary in Section 5.

2. SHIFTING MIMO SAR SYSTEM AND CONSTRAINTS

Figure 2 shows a comparison between a DPCA-based SAR system, which has a single fixed Tx and
three Rx antennas, and the suggested shifting MIMO SAR system with three Tx and Rx antennas.
The timing diagrams of both systems are illustrated in Figure 2(a). In contrast to the DPCA-based
SAR system, a Tx set which has multiple Tx pulses is used for the suggested system. Each Tx pulse is
emitted at each shifted Tx antenna with a pulse duration 7 and pulse interval Ar.

As we can observe in Figure 2(b), the number of sample positions in one PRI in the DPCA-based
SAR system is equal to that of the receiving channels, 3; on the other hand, the shifting MIMO SAR
system can obtain 32 sample positions in the same PRI with the help of shifting strategy.

To obtain the same distance between samples, the movement of the platform during the previous
pulse transmissions has to be considered. If not, the delayed samples are obtained and cause significant
error as shown in Figure 3.

The platform movement for the previous pulse transmission can be represented as follows:

Ami= (1 —1)- (1, + A1) - v, (2)

where Am; is the distance of the movement of the platform when the i-th pulse is emitted. In order to
compensate the movement of the platform, the space desired to be shifted for the Tx antenna at each

pulse can be derived as follows:
(1—1) Az
ASZ‘:T—Q'AW% (3)
where As; is the shifted space of the i-th Tx antenna, and the first term of this equation represents
the space for the stop and hop case, and the second term explains the compensation of the platform
movement. After applying the equation, identical distance between samples can be obtained as shown
in Figure 4.
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Figure 2. Comparison between a DPCA-based SAR and proposed shifting MIMO SAR. (a) Timing

diagrams of DPCA-based SAR (left) and proposed shifting MIMO SAR (right). (b) Spatial sampling
points of DPCA-based SAR (left) and proposed shifting MIMO SAR (right).
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Figure 3. Necessity of a platform movement consideration.

The shifted space As; should be greater than or equal to zero to guarantee the system operation.
Therefore, the maximum number of Tx and Rx antennas of the shifting MIMO SAR system can be
derived as following equations.

Ax

N < 5
T2 (n+AT) v, (5)
Another important issue when designing the shifting MIMO SAR system is the Tx antenna shift
error because of the discrete distribution of element antennas of a large array antenna. So the shifted

space As; given from Eq. (3) cannot be adjusted arbitrarily in a real array antenna system.
Figure 5 shows the antenna geometry in azimuth direction. The desired shifted space, As;, can be
represented by the sum of the real shifted space, As}, and the space to be compensated, As§, as shown
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applying the platform movement effect. direction.
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Figure 6. Phase center position change. Figure 7. The instant slant ranges between
the target and the phase centers of the i-th Tx
antenna and the k-th Rx antenna, respectively.
in Eq. (6).
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where Ag is the gap between the element antennas. Since the phase center positions are placed at the
middle point between the Tx antenna and Rx antenna, the phase center position change due to the Tx
antenna shift error is half of the space to be compensated as shown in Figure 6.

AsC¢
0175\ < TS < 0.175) (8)

If we assume that the gap equals 0.7\, the range of error can be represented as Eq. (8), and it
is quite small compared to the distance between the phase centers. So we do not need to change the
antenna beam pattern in order to compensate the error. However, the phase variation needs to be
considered and is compensated in phase compensation stage which will be explained in next section.
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3. COMPREHENSIVE ANALYSIS FOR PROPOSED SYSTEM

In this section, a more detailed analytical description of the shifting MIMO SAR system is given. The
whole block diagram of the suggested shifting MIMO SAR system is expressed in Figure 1. Tx pulses
with slope-varying chirp signals can be used to achieve low cross-correlation [8]. The i-th Tx signal can
be expressed as follows:

Stzi(t) = Aj - wpi(t) - cos (2 fot + wK, it?) (9)
wyi(t) = rect (%) (10)

where f, is the operating frequency, and A;, w,;(t), K,;, and 7; are the amplitude, range window
function, range linear frequency modulation (LFM) rate, and pulse duration of the i-th Tx signal,
respectively. rect(z) is the rectangular function defined by

|1, if |z <05
rect(z) = { 0, otherwise (11)

The Tx pulse set s, (t) can be expressed with the time delay of each pulse as in Eq. (9), below.

al m;
Sto(t) = ;stm [t - (Avp )} (12)

The total Tx pulses are emitted and then reflected from a ground through the air interface. Each
receiver is turned on to obtain the reflected signals, and the signal arrived at the k-th Rx antenna can
be represented as follows:

(13)

N
Am; Ry + R,
Sr:t,k(tan) = § Bkl : wa(n) * Sta,i |:t - ( n ) - L (77) 7k(n)
i=1

Up C

where

_ 2 4 2.2 vpn’

Rutn) = R|n- (53] (15)

Rox(n) = R [77 o 2 : Aﬂ (16)
Ria(n) = Ryi(n) = R(n) (17)

n is the azimuth time; By, is the complex radar cross section (RCS); w,(n) is the azimuth beam pattern
that can be extended using the method [1]; R;;(n) and R, ;(n) are the instant slant ranges between the
target and the phase centers of the i-th Tx antenna and the k-th Rx antenna, respectively as shown
in Figure 7; R(n) is the standard slant range which is the distance between the target and the phase
center of the first Tx antenna; Ry is the slant range of closet approach.

Substituting Eq. (9) into Eq. (13) gives

N
srak(t;n) = D Bri wa(n) - Awp [t— ( Um ) _ kc(n)}
=1 p

o (32) B0 - (32) 2T}

Ryi(n) = Rei(n) + Ry r(n) (19)

where
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The received signal is down-converted using the quadrature demodulation, and the k-th baseband
signal can be expressed as follows:

Srabk(t,1) = ini - Ajwy [t - (Amz) - Rki(n)} “wa(n)

v C
i=1 P

Am,; 4
- exp [—j27rf0 < ml)} - exp (—j—WR())
Up )\0
—r (Asy,)? ANk
'p

T 9N Ro

L exp { Ky [t . (Av’r:) - R’“Z(")r} (20)

where
Ko = 20/ (MoRRo) (21)
As,, = As] — (k—1)-Ax (22)
Asfi = Asi +(k—1)- Az (23)

The exponential terms of Eq. (20) express phase variations due to Tx pulse delay, slant range
Ry, different azimuth displacements between Tx and Rx antennas, azimuth and range modulations.
Each baseband signal is now equally divided into N paths and compressed in the range direction by
independently using N matched filter. The range compressed signal of the k-th Rx antenna with [-th
Tx matched filter as in Eq. (24) can be represented using the principle of stationary phase (POSP) [9]
as in Eq. (25).

hea(t,n) = exp (—jm K, t?) (24)
1 Am, R
shl(t,m) = N {BklAl -pL [t - ( . l) - klc(n)] 'Asz(U)}
p
1 & Am;\  Rii(n)
il i ki
+NZIBMA¢'Q:« [t— ( o > - ] - APy (n) (25)
Zi;ﬁl
where
exp (sgn; - jm /4 .
ity = CPEEN T e sine (1Kpal ) (26)
vV ’Kr,l’
4 = Kt . (sgn; + sgny) - jm
" |Kr,i - Kr,l| 4
’Krl‘t > {|:_j7r'KriKrl:| 2}
rect [ ———————— | -ex it 27
<|Kr,i - Kr,l| T; P (Kr,i — Kr,l) Ti ( )
. 1, Kr,l >0
sgn; = { “1, K, <0 (28)
LR >0
sgn; = 1 Koi Ko, 0 (29)
T Kr,iKr,l <

AP) = watn)-exp | ~s2mfo (5] e (<050
’Up 0

- exp [M -exp{—jﬂKa [n— (%)]2} (30)

T oNR,
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The first part of Eq. (25) is the autocorrelation, and the second part represents the cross-
correlations. The power difference level between them can be expressed in log scale as follows:

20 - 1Og10 ( ’Kr,i — Kr,l’ . Ti) (31)

We can select the range LFM rates and pulse durations to make power difference level less than
—30dB. From this process, we can omit the term related with cross-correlations in Eq. (25) and obtain
N? independent signals after applying range compression using N matched filters.

To correctly recover the N? compressed signals, the phase variations due to the Tx pulse delay of Eq.
(2) and different azimuth displacements between the Tx and Rx antennas of the third exponential term
in Eq. (20) have to be compensated by adding the following term:

Am; As;)?
PCl; = exp [j27r ( o+ (Asy,) )

32
Up 4)\0R0 ( )

In order to compensate the Tx antenna shift error mentioned in the previous section, I added the
following term in the range Doppler domain.

)21
PCyi (fy) = exp [(%Asf) fn] (33)
p
The phase compensated signal can be expressed in the range Doppler domain as follows:
B A A R
Skl(t fn) kil pfn |:t— < ml) . kl(fn):| AP]ZC(fn) (34)
N Up c

where
2 2
(fn n Askl> n (Asy)

= 2 e 2
Rkl (fn) R + a 2Up 4U2

Ro

AP (fn) = Walfy) - exp <—j)\—7(:Ro> exp <j7T fn>

=

a

fr is the azimuth frequency and W,(f,) the envelope of Doppler spectrum of the antenna azimuth beam
pattern. The position of the phase center between the [-th Tx antenna and k-th Rx antenna is given in
the first term in the square brackets in Eq. (36). The second term demonstrates the compensation for
the movement of the platform when the [-th pulse is emitted.

The total phase centers from the suggested MIMO SAR system have N? positions in one PRI as
shown in Eq. (37), below. Each row is obtained from the corresponding Rx antenna, and each column
is related with the corresponding Tx antenna.

i 0 -1 oo N—17
Ax : : :
~5n (k—1O)N ... k—=1)N+I1-1 ... kN-1 (37)
| (N—-1)N ... (N=1)N+I—-1 ... N?-1 |

N2 phase compensated signals move to the next step of the RCMC, and the quantity to be corrected is

as follows: ) )
Amy - c v2 f Asit (As_)
RCM =— — LS R A 38
k?l(fn) ( ’Up ) RO (Ka + 2Up + 4@12) ( )
After applying the RCMC, the corrected signal can be expressed as follows:
BrA 2R
Stemelts fg) = =5 P [t - 70] AP (f) (39)



198 Lim

N2 corrected signals, as arranged in Equation (40), below, fill in the gaps of the target’s azimuth phase
history.

[ Steme(t: f1) |
rcmc( ? 77)

Siéme(ts f)
Sda(ta fn) =

Steme(t, fn)
Steme(t, fn)

(40)

SNt fr)

Hao(fy) = exp [ f2/ ()]

After applying the azimuth matched filter in Eq. (41) to the data set of Eq. (40), we can, finally,
obtain a 2-dimensional SAR image in the range Doppler domain as Eq. (42) and the range azimuth
time domain as Eq. (43) when normalization criteria is used.

(41)

. 2R Ar
Saclt ) = sine | [Kral (1= 220) | wi ) -exp (30 1o (42)
. 2R AR,
Saclt,) = sinc [rm,l\ " (t - —)} pal) - oxp (—y ) (43)
C )\0
where
|KT71|7'1:|K7«72|T2:...:|KT7N|TN (44)

pa(n) is the amplitude of the azimuth impulse response based on the antenna azimuth beam pattern.
Using the azimuth beam pattern extension [1] and the shifting MIMO SAR system concept, a high
resolution image can be obtained without ambiguity.

Table 1. System parameters and simulation cases.

General parameters Value
Carrier frequency 9.7 (GHz)
Platform height 580 (km)
Platform velocity 7560 (m/s)
Chirp signal bandwidth 300 (MHz)
Interval between pulses 5 (us)
Incident angle 20°-55°
Element antenna (EA) gap 0.7Xo0

DPCA-based SAR system

Az (m) | No. of EA | Beam width (deg) | No. of Tx | No. of Rx | TAL (m)
Case 1 4 180 0.4 1 3 12
Case 2 3 135 0.52 1 4 12

Proposed MIMO SAR system

Az (m) | No. of EA | Beam width (deg) | No. of Tx | No. of Rx | TAL (m)
Case 3 4 180 1.2 3 3 12
Case 4 3 135 2.1 4 4 12

- TAL: Total antenna length
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4. PERFORMANCE ANALYSIS USING DISTRIBUTED TARGET

In order to generalize the proposed shifting MIMO SAR system, the distributed target simulations are
carried out using the parameters summarized in Table 1. The beamwidth of each Tx and Rx antenna is
extended by a factor of N following the method suggested in [1]. Figure 8 shows a comparison between

antenna azimuth beam patterns for each case.
Figure 9 shows the map of KAIST in Dae-jeon in Korea, and some area is selected to be used for

- - -DPCA based (casel) —— Shifting MIMO (case3)
-.-=.DPCA-based (case?) —-— Shifting MIMO (cased)

w ¢

Amplitude (dB)

Angle (deg)

Figure 8. Antenna azimuth beam pattern Figure 9. Original image for distributed target
comparison between DPCA-based SAR systems simulation.
and proposed shifting MIMO SAR systems.

Figure 10. Comparison of the distributed target simulation results. (a) Original image. (b) DPCA
(Case 1; resol.: 2.08m). (c) DPCA (Case 2; resol.: 1.52m). (d) Shifting MIMO (Case 3; resol.: 0.7m).

(e) Shifting MIMO (Case 4; resol.: 0.41m).
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Table 2. Azimuth resolution comparison.

DPCA-based Proposed shifting

SAR system MIMO SAR system
Case 1 | Case 2 | Case 3 Case 4
pa (m) | 208 | 152 | 0.70 0.41

simulation. The gray-scaled bitmap image can be considered as the reflectivity map of the area. Regions
of zero RCS are indicated by black color, while regions of high RCS are indicated by white color. The
minimum cell resolution of the area is 0.25 - 0.25m?. Since the area of the chosen region is 50 - 50 m?,
the number of total targets in the area is 40,000.

Figure 10 represents the results of the distributed target simulations for the DPCA-based SAR
system and the proposed shifting MIMO SAR system. To mitigate the image distortion between range
and azimuth directions, various chirp pulse bandwidths are used. As shown in this figure, the azimuth
resolution of the shifting MIMO SAR system was improved by a factor of 3 for Case 3 and 4 for Case
4 as compared to the conventional DPCA-based SAR system, as summarized in Table 2.

5. CONCLUSION

In this paper, detailed analysis for a shifting MIMO SAR system has been introduced. From the Tx
pulse generation blocks to azimuth compression blocks, we can see the radar signal’s comprehensive
logical expressions. Especially, during the phase compensation step, we can compensate the phase
errors caused by the discrete distribution of element antennas of a large array. The shifting MIMO
SAR system can obtain N? samples during one PRI, and it can result in increased azimuth resolution
by a factor of N, the number of Tx channels, compared to the DPCA-based SAR system. This is
confirmed by the distributed target simulations. Based on the suggested comprehensive analysis for
this shifting MIMO SAR system, it can be possible to effectively enhance the system performance of
future spaceborne SAR systems.
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