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Phased-Array Beam-Diversity With Multiple
Channels for Improved SAR Imaging

Ishuwa Sikaneta, Senior Member, IEEE, and Christoph Gierull, Senior Member, IEEE

Abstract—This paper discusses the ability of a SAR to create
high-resolution images with high sensitivity in a stripmap con-
figuration. Since geometric resolution is driven by the effective
azimuth beamwidth of the antenna, it compares beam spoiling
methods to beam switching methods with particular attention to
the achieved SNR. It also formulates the effects of element mutual
coupling on the SNR. Further, since existing systems may not be
able to switch beams at a rate equivalent to the PRF, this paper also
discusses a method to process beam switched data collected in a
burst configuration, showing that SNR and the presence of grating
lobes trade against each other as the number of pulses per burst
increases. Finally, this paper investigates improvements to signal
quality offered by using a multichannel system, with elements
aligned in the flight direction, over a single channel system.

Index Terms—Ambiguity ratio, beam diversity, geometric reso-
lution, phased array, radiometric resolution, SAR.

I. INTRODUCTION

T HE INFORMATION content of a SAR image is mainly
driven by the geometric and radiometric resolution [1],

[2]. While the geometric resolution specifies how far apart two
scatters should be to distinguish them in an image, the radio-
metric resolution, or sensitivity, specifies how bright the scat-
terer must be to distinguish it from noise and other interference.

The geometric resolution of a SAR is a two-part quantity,
with the range resolution depending on the bandwidth of the uti-
lized pulse and the azimuth resolution dependent on the span of
angles from which the target is viewed. Stripmap SAR imaging
benefits from a wide antenna pattern to maximize the range of
angles from which a target is viewed [2]. Spotlight SAR utilizes
an antenna that is either mechanically or electronically steered
to achieve an even wider range of angles without the need for a
wide pattern [3]. The drawback of a Spotlight mode is that only
a small area can be imaged at a time as the antenna is directed
only to a single point on the ground.

The width of an antenna pattern is inversely proportional to
the spatial extent, or aperture, of the antenna [1]. In stripmap
modes, to generate a wide antenna pattern, a short antenna
is preferred. A short antenna, especially, a short phased-array
antenna, cannot support the transmission of as much power as
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a longer antenna, and it is the amount of power delivered to
the scene that determines the radiometric resolution [1]. For
instance, a large phased-array can be configured to only trans-
mit from a small subarray to generate a wide beam. The total
power conveyed by the beam is proportional to the number
of element in the array that are used. The multichannel sig-
nal processing methods investigated in [4]–[8], require a wide
azimuth beam to illuminate the scene and use a set of receive
beams to create a high-resolution SAR image despite operat-
ing at low pulse repetition frequencies (PRFs). Although these
SAR configurations can yield high geometric resolution, the
wide transmit beam requirement and low PRFs can limit the
amount of power transferred to the scene and can degrade
the radiometric sensitivity of the measurements.

Alternatively, a large phased-array can be configured to
transmit using the entire array but with electronic weightings
designed to generate a spoiled beam [9]. A particular example
of this is a parabolic phase weighting which generates a wide
beam. The slope of the parabola at any point on the array can be
considered as a local linear phase suggesting that the local set
of phased-array elements generates a beam that is steered in a
direction corresponding to the slope of the phase [1]. From one
point to another on the array, the beam is steered over a range of
angles creating a wide beam. While one can generate arbitrarily
wide beams with this simple theoretical model, one encounters
physical limitations when the antenna cannot efficiently trans-
mit energy in all these simultaneous directions due to mutual
coupling between array elements which changes the impedance
characteristics [10], [11].

This paper introduces a new method to generate wide antenna
beams with a long phased-array antenna. The method relies on
time-division multiplexing of a number of different beams, each
pointing in a different azimuth direction, as alluded to in [6]
and discussed in [12]. The idea of multiple beams, including
the concept of switching azimuth beams is also discussed in
[13]. In this paper, however, the beams are nonoverlapping and
disjoint in the k-space representation which precludes coher-
ent processing for improved geometric resolution because of
the large gaps between beams. The objective is to measure
azimuth displacement over the time between measurement by
the different azimuth beams.

As a set, the different azimuth pointing directions amount to
an increased range of angles from which a target is observed.
That is, the different azimuth beams populate the k-space
of [14] although in a nontraditional manner. As opposed to
beam spoiling, time-division increases the number of available
degrees of freedom, and, as will be shown, permits more power
to be reflected from a target for a given bandwidth. By operating
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Fig. 1. Geometry of the antenna element. The aazi axis of each antenna aligns
with the direction of motion of the radar platform.

the beam switching on a periodic cycle, the collection geome-
try permits acquisition over long time durations as done with
stripmap modes.

If the set of azimuth beams cannot be switched at the PRF,
as is the case with RADARSAT-2, it may still be possible to
switch them in a bursting fashion. The literature is not clear on
which systems can change beams at the PRF, but it is expected
that the upcoming RCM mission and most future missions will
have the ability to switch beams at the PRF. The burst approach,
however, introduces new grating lobes to the synthetic aper-
ture array factor, so this paper introduces a processing approach
that attempts to mitigate these new grating lobes. As the angle
between beams increases, or as the number of pulses per burst
increases, the ability to eliminate the new grating lobes comes
at the cost of decreasing SNR; thus, this paper also introduces
measurements and signal processing using a multichannel sys-
tem to improve SNR while still adequately minimizing the
grating lobes.

II. POWER CONSIDERATIONS

This section analyzes the total power transmitted and
received by a stripmap SAR phased array in the forward direc-
tion to motivate the time-division beam switching approach.
The objective is to determine changes in power given a set
of beamforming coefficients and the array mutual impedance
matrix.

Assume an array of identical two-dimensional (2-D) anten-
nas with axes given by {aazi,aele} as illustrated in Fig. 1. For
any given “look-direction” vector r̂, the antenna radiation pat-
tern (of each antenna element in the array) may be represented
by the function F(r̂ · aazi, r̂ · aele). For the adopoted model, it is
assumed that the aazi axis of each antenna in the array is aligned
with the x-direction, which is the direction of motion of the
radar platform.1

In a typical SAR geometry, the radar platform has a position
vector given by S(ξ) where ξ is the parameter, typically called

1The objective of aligning the antenna with the direction of flight is the goal
of yaw-steered systems such as RADARSAT-2, TerraSAR-X and other more
recently launched systems.

Fig. 2. Simple model for each antenna element. An alternating voltage, vg
drives the antenna element. The circuitry leading to the antenna terminal has
impedance given by zg while the antenna has a load impedance given by
za = Ra + jXa where Ra is the resistance of the load and Xa is the reactance
of the load.

slow-time. We define the x-axis as the direction of motion of
the radar under the assumption that it travels in a straight line,
and define the closest range vector as r0 = S(ξ0)−T where
ξ0 is the parameter that minimizes J(ξ) = ‖S(ξ)−T‖, where,
‖x‖ =

√
x†x, ·† denotes Hermitian conjugate. We further make

the assumption that, for the imaging geometry, the range of
angles spanned by θd, as the SAR measures a target at a given
range, is so small that it may be considered constant. For all
points on the ground with a common r0, one may define the
directional cosines

u = r̂ · aazi

‖aazi‖ (1)

vr0 = r̂ · aele

‖aele‖ = Constant. (2)

In the far-field, u and vr0 will be the same for all antennas in
the array, and, for simplification of notation, define the function
Fu(u) = F(u, vr0).

A. Transmitted Power

From a certain point of view, the element factor (the antenna
pattern of each antenna element in the array, gain, and directiv-
ity) can be considered to depend on v, the vector of voltages
applied across the array. As the voltages are increased, the
current densities increase and, as the far-field expression for
the electric field is represented by the Fourier transform of
the current densities, the strength of the electric field is also
increased. For the simple model adopted, this dependence is
computed. Assume that the mutual impedance matrix between
the elements is given by

Z =

⎡
⎢⎣z00 z01 . . .
z10 z11 . . .

...
...

. . .

⎤
⎥⎦ . (3)

When there is no mutual coupling between elements Z = zaI,
where I is the identity matrix. For each individual element, a
simple representation of the circuit describing the element is
given in Fig. 2.

In the case of a very large array, let us assume that the far-
field element patterns are all identical and given by the three-
dimensional (3-D) Fourier transforms of the current densities
on the antennas. Due to mutual coupling, these currents are seen
to change as the antenna is modified with the voltages v, where
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v is a column vector that lists the set of voltages used to drive
each element of the array.

Define the array characteristic phase vector as

e(u) =

⎡
⎢⎣ exp(jβx0u)

...
exp(jβxN−1u)

⎤
⎥⎦ (4)

with β = 2π/λ, and xi the locations of each antenna element.
The array radiation pattern is given by

FTx
(u;v) = Fu(u)[(zgI+ Z)−1︸ ︷︷ ︸

Ω

v]T e(u) (5)

where ·T represents the matrix transpose operation. The aver-
age amplitude of the electric field Eav in a particular direction
{u, vr0} is proportional to the array radiation pattern and
inversely proportional to the range (the electric field decays at
1/r rate in free space) r0 [15]

Eav(u) = C0
FTx

(u;v)

r0
(6)

where C0 is a unitless proportionality constant that incorporates
such factors as the wavelength, system losses, etc. The power
denisity (W/m2) of the transmitted wave (average value of the
Poynting vector amplitude) may then be represented as

ρ(u, r0) = cε0
C2

0 |FTx
(u;v)|2

2r20
(7)

where c is the speed of light in free space and ε0 is the permi-
tivity of vacuum. Under the assumption that the total forward
transmitted power is proportional to the power transduced by
the load resistance Ra of each antenna element (see Fig. 2), an
expression for the total power density as the target is irradiated
from u ∈ [−1, 1] (due to the motion of the radar platform) at a
range r0, is given by

P (v) ∝ cε0RaC
2
0

2r20

∫ 1

−1

|FTx
(u;v)|2du

=
cε0RaC

2
0

2r20
[Ωv]T

[∫ 1

−1

|Fu(u)|2e(u)e†(u)du
]
[Ωv]∗

(8)

where ·∗ denotes the conjugate operation, and we have incor-
porated the range and other factors into the proportionality
constant. This paper assumes a uniformly spaced phased array,
i.e., xk = x0 + kd, where x0 is some origin. Let

F =

∫ 1

−1

|Fu(u)|2e(u)e†(u)du

=

⎡
⎢⎢⎢⎣
F0 F−1 F−2 . . .
F1 F0 F−1 . . .
F2 F1 F0 . . .
...

...
...

. . .

⎤
⎥⎥⎥⎦ (9)

where

Fk =

∫ 1

−1

|Fu(u)|2 exp(−jβkdu)du. (10)

The integration can be computed numerically with the desired
degree of accuracy. As an alternative to this, and as argued in
the appendix, for asymptotically large N , and for an antenna
pattern with neglibile back lobes, F can be approximated as a
matrix with eigenvectors given by

uk =
1√
N

⎡
⎢⎢⎢⎣

exp(−j2πk 0
N )

exp(−j2πk 1
N )

...
exp(−j2πkN−1

N )

⎤
⎥⎥⎥⎦ (11)

and eigenvalues

ςk =
λ

d

∑
m

∣∣∣∣Fu

(
λ[k +mN ]

Nd

)∣∣∣∣2 . (12)

With these expressions, the integrated power is given by

P (v) ∝ cε0RaC
2
0

2r20

N−1∑
k=0

ςku
†
k(zgI+Z)−1vv†(z∗gI+Z†)−1uk.

(13)

In the particular special case of no mutual coupling (Z = zaI)

P (v) ∝ cε0RaC
2
0

2r20

1

|zg + za|2
N−1∑
k=0

ςku
†
kvv

†uk (14)

which is maximized for a given ‖v‖ when v is colinear with
u0 (because the uk form an ortho-noormal basis). The above
maximization depends on the assumption that ς0 is the largest
eigenvalue. In this case

P (‖v‖u0) ∝ cε0RaC
2
0

2r20

‖v‖2λ∑
m ‖Fu(mλ/d)|2

d|zg + za|2 . (15)

The ratio of power transmitted for an arbitrary v relative
to v = ‖v‖u0 (under the assumption that there is no mutual
coupling), assuming that ‖v‖ remains constant is seen to be

Pc(v)

Pnc(‖v‖u0)
=

∑N−1
k=0 ςku

†
k(zgI+ Z)−1vv†(z∗gI+ Z†)−1uk

‖v‖2|zg + za|−2
∑N−1

k=0 ςk
(16)

where the subscripts “c” and “nc” denote coupling and no cou-
pling, respectively. The above expression corresponds to the
result presented in [11].

B. Two-Way Power Characteristics

The received signal coming from direction u is measured by
each element k of the phased array, multiplied by a receive
weighting rk and then all measurements are summed using a
power combiner.

By reciprocity, the receive antenna pattern is given by

FRx
(u; r) =

Fu(u)

‖Ωr‖ [Ωr]T e(u) (17)

where r is the column vector of rk’s. The ‖Ωr‖ factor in the
denominator serves to ensure that the receive amplitude weight-
ing does not artificially add power; rather, it only modifies the
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receive gain and directivity. The total power transmitted and
received from the forward direction is then proportional to (18),
shown at the bottom of the page, where Ae is the effective
antenna area for each element of the array,

√
1− u2 accounts

for the projection of Ae into the receive direction, C1 is another
proportionality constant, and

F̃u(u; r) = Fu
2(u)[Ωr]T e(u)(1− u2)

1
4 . (19)

The proportionality constant in the expression for the two-way
power depends on quantities such as the range, the scattering
radar cross-section (RCS) of the target and the wavelength.
Exact computation of the proportionality constant is not neces-
sary for the purpose of comparing the performance of different
beams measuring the same target from a given system.

The same machinery that led to (12) yields

P (v, r)∝cε0RaC
2
0C

2
1

2r40

NAe

2 ‖Ωr‖2
∑
k

ζk
∥∥[Ωr]Tuk

∥∥2∣∣[Ωv]Tuk

∣∣2
(20)

where

ζk =
λ

d

∑
m

∣∣∣∣Fu

(
λ[k +mN ]

Nd

)∣∣∣∣4 . (21)

C. Relation to the SAR Radar Equation

It is of interest to relate the computed power to the tradi-
tional radar equation [2]. For the traditional equation, the power
measured by the radar from a point target at range r0 is given
by

Pr =
PsGTx

GRx

(4π)3r40

λ2Bτ

Ls
σ (22)

where Ps is the transmitted power, GTx
and GRx

are the
transmit and receive gains, Ls represents system losses, λ is
the radiation wavelength, B is the pulse bandwidth, τ the
pulse length (Bτ is the pulse compression gain), and σ is the
scattering crosssection of the target.

Equation (20) incorporates the integrated transmit and
receive gain and the transmitted power. The expression for the
power reflected from a target is proportional to the target RCS
and the compression gain of the transmitted waveform and also
inversely proportional to system losses

Pm(v, r) = P (v, r)
Bτσ

Ls

=Bτσ
cε0RaC

2
0C

2
1

2r40Ls

NAe

2 ‖Ωr‖2
∑
k

ζk|[Ωr]Tuk

∣∣2|[Ωv]Tuk

∣∣2 .
(23)

P (v, r) ∝ cε0RaC
2
0

2r40

AeC
2
1

2 ‖Ωr‖2
∫ 1

−1

|Fu
2(u)[Ωv]T e(u)[Ωr]T e(u)|2

√
1− u2du

=
cε0RaC

2
0

2r40

AeC
2
1

2 ‖Ωr‖2 [Ωv]T
[∫ 1

−1

|F̃u(u; r)|2e(u)e†(u)du
]
[Ωv]∗ (18)

Since

Ae ∝ λ2

4π
Ge (24)

where Ge is the gain of each antenna element, one may write
that

Pm(v, r) ∝ Bτσ
cε0RaC

2
0C

2
1

4r40Ls

Nλ2

(4π) ‖Ωr‖2

×
∑
k

ζk|[Ωr]Tuk

∣∣2|[Ωv]Tuk

∣∣2 . (25)

By comparing with the standard radar equation, one finds that
the phased-array SAR equation relates to the power and gain of
the standard radar equation through

PsGTx
GRx

(4π)2
=

cε0RaC
2
0C

2
1

4

N

‖Ωr‖2

×
∑
k

ζk|[Ωr]Tuk

∣∣2|[Ωv]Tuk

∣∣2 . (26)

1) Signal-to-Noise Ratio (SNR): With the standard radar
equation, the measured signal is compromised by additive white
noise with power given by

Pn = kBTB (27)

where kB is Boltzmann’s constant, T is the radar temperature in
Kelvin, and B is the bandwidth of the pulse. The SNR is then
given by

γ0 =
PsGTx

GRx

(4π)3r40

λ2τ

kBTLs
σ. (28)

The expression in (25) depends on the assumption that the
reflected return from each pulse transmitted by the radar as it
sweeps by the target has been added coherently with uniform
weighting. Additive thermal noise is not coherent from pulse
to pulse, and the total noise power interfering with the SAR
measurement depends on the weightings applied as each pulse
is coherently combined. The uniform weighting scheme, as
assumed for the total reflected power, does not, in general, lead
to an optimum SNR. In practice, the SNR yield from uniform
weighting is often very undesirable. It is well known that the
weightings of a matched filter optimize the SNR and, because
they define the shape of the two-way antenna pattern, the opti-
mum SNR depends on the chosen values for v and r. For this
reason, it is not straightforward to provide a closed-form solu-
tion for the expected SNR for a phased-array SAR, and this
paper adopts the approach of comparing SNR yield by numer-
ically computing the SNR from measurements processed with
optimal weightings.
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TABLE I
EIGHT-ELEMENT ARRAY PARAMETERS

Fig. 3. Three-beam measurement approach. The two-way patterns repeat on a
cycle of length three. Each beam is steered in the direction corresponding to
{u−1,u0,u1}.

D. Simulation With Two Different Two-Way Weightings

The parameters listed in Table I are used to generate the pat-
terns of a three-beam system and a beam-spoiled system. On a
cycle of length 3, see Fig. 3, the three-beam system transmits
and receives using antenna coefficients given by {u−1,u0,u1}
[see (11)].

The beam-spoiled pattern is generated with weightings such
that v and r have elements given by

exp

(
2πj

2L

λ
sin

λ

L
(xk − x̄)2

)
(29)

where x̄ = 1/N
∑N

k=1 xk.
1) Transmit Pattern: The transmit condition number2 is

1.013 showing that the total transmitted power is practically
invariant to any phase-only weighting applied to the array.
Fig. 4 captures the average transmitted power over three pulses,
illustrating how the antenna illuminates the scene over azimuth.
The effect of the phase spoil is to slightly squeeze and raise
the first sidelobes to a level close to the main lobe, giving the
appearance of shoulders adjacent to the original peak. For com-
parison, the average power of a cyclic three-beam system is
plotted showing a lower peak-power but a higher integrated
power of 0.4 dB over ±7◦.

2) Two-Way Pattern: Even though the total transmitted
power is the same in both cases, when the two-way patterns
are computed, one observes a 4.4-dB increase in power when
the three-beam system is used versus the beam-spoiled system.
This increase in SNR recommends the beam diverse sys-
tem over the beam-spoiled system. A nondiagonal impedance

2The condition number is defined as max ςk/min ςk .

matrix would change the results further. If the cross-coupling is
not accounted for, both the quadratic phase spoil approach and
the three-beam approach would change according to (20).

III. GENERALIZED BEAM-SWITCHED SAR SIGNAL

PROCESSING

A. Single-Channel Burst Mode Collection Signal Model

Systems that can change beams (transmit and receive array
patterns) from pulse to pulse require little modification to
signal-processing algorithms to create high-resolution, high-
sensitivity imagery. To set the stage for a multichannel, burst-
mode, beam-switched system, this section introduces a single-
channel system that can only change beams after every N1

pulses. Fig. 5 illustrates an example for a two-beam sys-
tem where fp represents the PRF and va the radar platform
speed. Transmit and receive patterns are combined as Fk(u) =
FTk

(u)FRk
(u). Since the beams share a common elevation

pointing orientation, there is no need to modify the echo win-
dow timing, as common with ScanSAR where different beams
point to different elevations. For this reason, all pulses can be
captured even as the beams transition. In systems where multi-
ple pulses may be in flight at any given time, the receive pattern
should be timed to change only when the transmit pulses from
the new transmit beam return to the radar. The set of samples
from beam 1 and beam 2 can be grouped into a sequence of
length 2N1.

B. Multichannel Burst-Mode Beam-Switched Signal Model

To adequately sample a time-multiplexed-beam measure-
ment, the PRF employed by a single channel system needs to
be accordingly increased leading to a reduction in the mea-
surable swath-width.3 To avoid the problem of a reduction in
swath-width, this section introduces a multichannel system with
digital beam forming on receive that can operate at lower PRF
settings.

An example of the sampling configuration for a two-channel
system measuring two different beams is provided in Fig. 6. In
the figure channels, one and two correspond to a beam steered
to a Doppler centroid of −400 Hz, while channels three and
four represent a beam steered to a Doppler centroid of +400 Hz.
At a given range, an Nc-channel (a multichannel receive system
such as RADARSAT-2, TerraSAR-X, and ALOS-PALSAR)
SAR signal may be represented by the vector quantities

y(n) = s(n) + ν(n) (30)

where slow time pulse index is given by n, the signal or clutter
measurement is given by s(n), and there is additional “white”
noise at each pulse given by ν(n) ∼ NC(0,Rn = σ2

nI). One
may consider a set of N1NB of such vector measurements,

3More strictly speaking, the PRF needs to be increased to a value that can
adequately sample the Doppler bandwidth spanned by the union of all beams
utilized. In particular, if the beams all point in the same direction, then the PRF
does not need to be increased.
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Fig. 4. Normalized three-beam patterns (left) and unormalized quadratically spoiled (phase only) beam pattern compared to average of three-beam pattern (right).

Fig. 5. Two-beam illustration.

as alluded to in Fig. 5, and concatenate the sequence of these
vectors into a single long-column vector

yb(n) = sb(n) + νb(n). (31)

In the above, νb(n) ∼ NC(0,Rbn = σ2
nIb) where Rbn is

an NcN1NB ×NcN1NB diagonal matrix. The unambiguous
slow-time frequency domain representation of the combination
of the sampling delays and antennas used to measure the scene
with this concatenated vector may be represented by the vector

g(ω) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

e
−j

0·N1
fp

ω
d(ω)⊗F1[u(ω)]

e
−j

1·N1
fp

ω
d(ω)⊗F2[u(ω)]

...

e
−j

(NB−1)·N1
fp

ω
d(ω)⊗FNB

[u(ω)]

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(32)

where ⊗ denotes the Kronecker product

d(ω) =

⎡
⎢⎢⎢⎢⎢⎢⎣

e
−j 0

fp
ω

e
−j 1

fp
ω

...

e
−j

N1
fp

ω

⎤
⎥⎥⎥⎥⎥⎥⎦ (33)

and

u(ω) = − λω

4πva
(34)

and Fk[u(ω)] is a vector containing the multichannel measure-
ments with beams rotated in the azimuth direction by an angle
in some set indexed by k. The vector of channels measured with

Fig. 6. Two-channel two-beam sampling configuration. Channels one and two
correspond to a beam steered to a Doppler centroid of −400 Hz while channels
three and four represent a beam steered to a Doppler centroid of +400 Hz. PC
stands for phase center position in the antenna coordinate system.

g(ω) are sampled at a rate given by ω̄p = 2πfp/(NBN1), and
we define gk(ω) = g(ω + ω̄p). One may rewrite gk(ω) as

gk(ω) = Φk(ω)ĝk(ω) (35)

where

Φk(ω) =
√
g†

k(ω)gk(ω). (36)

The slow-time frequency domain representation of the mea-
sured, back-folded signal is then compactly represented by

yb(ω) =
∑
k

α(ω + ω̄p)e
jΩ(ω+kω̄p)Φk(ω)ĝk(ω) + νb(ω)

=
∑
k

ykΦk(ω)ĝk(ω) + νb(ω) (37)

where α(ω) represents the random process describing terrain
reflectivity and Ω(ω) represents the azimuth chirp function [6]
(both in the slow-time frequency domain).
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TABLE II
SIMULATION PARAMETERS

C. Processing Procedure

Methods developed in [6] can be applied to (37) to recon-
struct the unambiguous signal. To summarize [6], the objective
is to devise processing filters vk(ω)

y(ω + kωp) = v†
k(ω)yb(ω) (38)

such that the inverse Fourier transform F−1{y(ω)
exp(−jΩ(ω))} over the extended Doppler bandwidth,
yields the desired “unfolded” azimuth compressed clutter
clutter signal.

This paper adopts the optimum blended minimum mean-
square-error (MMSE) solution

kopt
k (ω) = � σ2

c |Φk(ω)|2R−1
� (ω)gk(ω)

= |Φk(ω)|2R̂−1
� (ω)gk(ω) (39)

where

R̂�(ω) = R̂c(ω) +
(1− �)

�

Rbn(ω)

σ2
c

R̂c(ω) = Rc(ω)/σ
2
c =

∑
k

|Φk(ω)|2gk(ω)g
†
k(ω) (40)

and E{|α(ω)|2} = σ2
c . The parameter � ∈ (0, 1] allows modi-

fication of the reconstructed signal so that for values close to
1, the reconstructed signal will be free of azimuth ambigui-
ties (or grating lobes) to the best possible degree. As shown in
[6], this choice corresponds to the projection method proposed
in [4] and [5] and, along with certain choices for fp and the
beam directions, can lead to a large reduction in the SNR [7].
Choosing � close to zero, on the other hand, less aggressively
eliminates ambiguities, but at the same time maintains the SNR.

IV. SIMULATION OF DATA

Table II lists the common parameters used for all simula-
tions. They reflect the geometry and collection configuration
that could be used by a system such as RADARSAT-2. It should
be noted that this simulation is constructed for an ideal sys-
tem. Practical issues such as Doppler centroid deviation and
multiplicative phase-noise effects are deferred for future work,
should such a system be utilized.

The benchmark simulation, to which all beam switching sim-
ulations are compared, generates image characteristics for one

TABLE III
SIMULATION BENCHMARK FROM ULTRA FINE MODE

of the Ultra-Fine modes of RADARSAT-2; see Table III. As dis-
cussed in [9], this mode uses a phase-spoiled beam in azimuth
and collects using a dual-channel configuration. The relevant
image characteristics of this mode are listed in Table III.

A. Three-Beam Full-Antenna Mode

Simulation results for a three-beam mode at two different
burst lengths are shown in Table IV. As seen, the 3-dB resolu-
tion is comparable to the benchmark. For the PRF selected, one
expects an SNR gain on the order of 3000/1600 = 2.7 dB with
respect to the benchmark mode. The SNR gain in the first row
of the table, however, is about 3.3 dB higher. The real gain here
is that similar image characteristics to the benchmark mode are
achieved with a single aperture system, albeit at the expense of
a narrower swath due to the increased PRF. As one reads down
the table, the resolution widens to about 3.0 m; however, the
SNR improves to about 4.0 dB over the benchmark. The lower
rows in the table also show that the ambiguities start to rise
quickly and the integrated sidelobe ratio increases as well.

B. Two-Beam Dual-Antenna Receive

This section simulates a two-beam mode using a dual-
channel approach that differs from the benchmark mode in that
all columns are used on receive. Figures generated for N1 = 1
and N1 = 2 are tabulated in Table V. As can be seen, for
N1 = 1, the 3-dB resolution is on the order of 3 m. The SNR,
on the other hand, is improved over the benchmark mode by
up to 2 dB. A comparable mode N1 = 2 uses � = 10−7; how-
ever, all image characteristics are poorer than the benchmark
mode. This demonstrates that although it is possible to process
the bursted type of signal, image quality degrades rapidly.

C. Three-Beam Dual-Antenna Receive

This section demonstrates the capability predicted for a
three-beam dual-receive mode. The special choice of 3000 Hz
is chosen as it represents uniform spatial sample points for the
dual-antenna phase centers. As listed in Table VI, for a res-
olution of 2 m, the SNR is seen to be 5 dB better than the
benchmark mode (2.7 dB is accounted for in the increase in
PRF).

D. Five-Beam Dual-Antenna Receive

The final simulations show the performance of a five-beam
mode. The first row of Table VII shows that one can achieve a
resolution of 1.3 m with such a mode and obtain an SNR about
1 dB better than the benchmark mode. The third row shows that
one can achieve a 1.4-m resolution with a 5-dB improvement in
the SNR.
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TABLE IV
SIMULATION RESULTS FOR FULL-ANTENNA RECEIVE MODE WITH THREE BEAMS

TABLE V
SIMULATION RESULTS FOR DUAL-ANTENNA RECEIVE MODE WITH TWO BEAMS

TABLE VI
SIMULATION RESULTS FOR DUAL-ANTENNA RECEIVE MODE WITH THREE BEAMS

TABLE VII
SIMULATION RESULTS FOR DUAL-ANTENNA RECEIVE MODE WITH FIVE BEAMS

V. CONCLUSION

A measurement scheme that uses beam switching can gen-
erate high-resolution imagery that has higher sensitivity than
an equivalent scheme that uses beam spoiling. If mutual cou-
pling effects between phased-array elements are significant and
not accounted for, the SNR can also degrade significantly. A
method to process data collected by a system that can beam-
switch, including the case when the system is unable to switch
beams at the PRF, is presented. The switching of beams in
a bursting fashion introduces new grating lobes (equivalent

to ambiguities for a lower PRF system) which the new sig-
nal processing technique can eliminate; however, reduction
in the grating lobes comes at the cost of reduced SNR. The
method uses a user-defined parameter to trade SNR against the
grating lobes as the user desires. Finally, by collecting data
through multiple receive subarrays, this paper shows how the
beam-switched signal can be processed to yield higher SNR
measurements with reduced grating lobe interference and lower
azimuth ambiguity levels than a benchmark Ultra Fine mode on
RADARSAT-2.
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In summary, a burst length of one yields the best perfor-
mance, but performance can be improved through the use of
a multilpe-channel system, and to a lesser degree, through the
use to adapted signal processing. Although the signal process-
ing can eliminate the new grating lobes, the cost is reduced SNR
which degrades further as the number of pulses in the burst
increases. Further, as the angle between beams increases, the
geometrical resultion increases, but the SNR may decrease due
to the requirement to manage grating lobes.

Future work will investigate the method developed for burst-
mode signal processing to the case of SCANSAR. Further, the
authors wish to pursue proof-of-concept experiments both with
RADARSAT-2, which cannot switch beams at the PRF, and
with systems in the upcoming RCM mission, which may be
able to switch beams at the PRF.

APPENDIX

EIGENVECTOR AND EIGENVALUE DECOMPOSITION

This section computes an eigen representation of F under
certain conditions required to satisfy the Shannon sampling the-
orem, and also under the assumption that negligible power is
transmitted through the antenna back-lobes. The inner product
of the lth row of F and the nth column of the DFT matrix yields

φl(n) =
1√
N

N−1∑
k=0

Fl−k exp

(
−j2π

kn

N

)

=
1√
N

∫ 1

−1

|Fu(u)|2 exp(−jβldu)

N−1∑
k=0

exp
(
jk

[
βdu− 2π

n

N

])
du. (41)

Consider the function s(u) = |Fu(u)|2. Assume that the fre-
quency content of s(u) is restricted to [−Bu/2, Bu/2] (here,
and in the following, we mean frequency as the dual to the

dimensionless variable u). According to the Shannon sampling
theorem, if s(u) is sampled adequately, it can be reconstructed
from its samples; that is, s(u) can be represented as the
windowed inverse Fourier transform of the periodic signal

S(f) =

∞∑
k=−∞

s(uk)
λ

Nd
exp (−j2πukf) (42)

where the sampling frequency across u (which depends on N )
is given by

fs =
Nd

λ
> Bu/2 (43)

and

uk = k
λ

Nd
. (44)

Specifically

s(u) =

∫
Rect

(
fλ

Nd

)

×
∞∑

k=−∞
s(uk)

λ

Nd
exp (−j2πukf) exp (j2πuf) df

(45)

where

Rect(u) =

{
1, if |u| < 1

2

0, otherwise.
(46)

With this expression, and assuming that s(u) = 0 for |u| > 1,
which is another way of stating that negligible power is trans-
mitted through the back-lobes [(47), shown at the bottom of this
page], where δ(k, k′) is the Kronecker–Delta function. The first
two terms of the last line above represent the element of the lth
row and nth column of the DFT matrix while the last two terms
are independent of l and represent the eigenvalue for the nth
column of the DFT matrix. The above analysis is valid so long
as N, d, λ are chosen to satisfy (43). This condition depends on
the element factor for each antenna element.

φl(n) =
1√
N

∫∫
Rect

(
fλ

Nd

) ∞∑
k′=−∞

s(uk′)
λ

Nd
exp (−j2πuk′f) exp (j2πuf) exp(−jβldu)

N−1∑
k=0

exp
(
jk

[
βdu− 2π

n

N

])
dfdu

=
1√
N

∫
Rect

(
fλ

Nd

) ∞∑
k′=−∞

s(uk′)
λ

Nd
exp (−j2πuk′f)

N−1∑
k=0

exp
(
−2πjk

n

N

)∫
exp

(
2πju

[
f − d

λ
(l − k)

])
dudf

=
1√
N
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λ
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