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ABSTRACT

The trend in high-performance ground-surveillance radar systems is towards employing multiple receiver channels of
data. Often, key to performance is the ability to achieve and maintain balance between the radar channels. This can be
quite problematic for high-performance radar modes. It is shown that commutation of radar receiver channels can be
employed to facilitate channel balancing. Commutation is the switching, trading, toggling, or multiplexing of the
channels between signal paths. Commutation allows modulating the imbalance energy away from the balanced energy in
Doppler, where it can be mitigated with filtering.
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1 INTRODUCTION

Often in radar applications a single transmitted signal will need to be received by more than one receiver, or more than
one receiver channel. These channels might correspond to different polarizations, antenna phase-centers, antenna beams,
time/frequency/phase offsets, or other characteristic desired or required for a particular application. System applications
might include Synthetic Aperture Radar (SAR), Interferometric SAR (IFSAR or InSAR), Ground Moving Target
Indicator (GMTI) radar, Dismount Moving Target Indicator (DMTI) radar, and/or Direction of Arrival (DOA)
measurements.

It is generally desired that the different channels are identical, or at least adequately similar, such that the difference in
output signal characteristics are dependent solely on input signal differences, and not on channel characteristic
differences. However, when analog signal paths are involved, even with the most careful of designs and fabrications the
normal variation in analog component characteristics and circuit construction naturally render differences in channel
characteristics, sometime exceeding differences that are tolerable for the application at hand. Furthermore, channel
imbalances are often frequency dependent, and manifest in both amplitude and phase. This can be quite a problem,
generally requiring some mitigation.™?

The obvious solution is to build in adjustments to allow ‘tweaking’ or calibrating the channels to match each other,
sometimes even in an automated fashion. Indeed this is the most common approach. However analog matching
networks can become quite complex and still only exhibit marginal effectiveness. Digital Signal Processing (DSP)
techniques can also become quite computation-intensive, just to get close. Furthermore, should balance change with
time, temperature, or other factors, a re-calibration becomes necessary to preserve balance. Consequently the ‘obvious’
solution may not always be the ‘best’ solution.

We discuss herein the idea of “commutation” between different channels on a pulse-to-pulse basis, for the purpose of
manifesting effective balance in the channel characteristics in a pulse-Doppler radar. Commutation means switching,
trading, toggling, or multiplexing physical channels between signal inputs/outputs, so that all distinct signals see the same
channel transmission characteristics, at least statistically. We show that imbalance energy may thereby be modulated
away from the balanced energy in Doppler frequency space, and then filtered to effectively provide balanced channels.
This paper summarizes a recent more comprehensive report on the topic.’
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2 BASIC CHANNEL COMMUTATION

Consider two pulse-Doppler radar channels, each with separate input and output, and with separate gain and phase
characteristics. This is illustrated in Figure 1. We identify them with the transfer function equations

where

where

Y, (n)=H;y(n)X,(n), (1)

n = pulse index number,
Xy (n) = input spectrum of channel 1 for pulse n,

X, (n) = input spectrum of channel 2 for pulse n,
Y1 (n) = output spectrum of channel 1 for pulse n,

Y, (n) = output spectrum of channel 2 for pulse n,
Hl(n) = Alej®1 = transfer function (frequency response) of channel 1, and

H, (n) = A2ej®2 = transfer function (frequency response) of channel 2, 2

A, = amplitude response of channel 1 transfer function,

©®, = phase response of channel 1 transfer function,

A, =amplitude response of channel 2 transfer function, and

®, = phase response of channel 2 transfer function. (3)

In general, we will allow that all parameters are frequency-dependent within a pulse. We emphasize that index n is a
‘pulse’ index, and not a frequency index, or intra-pulse time index. We are omitting any overt frequency variable to keep
the notation simplified so as to not obscure the larger points made in this report.

X, (n)———> H, (n) ——> Y, (n)

X,(n)——> H,(n) —>Y,(n)

Figure 1. Two channels without commutation.
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2.1  Perfectly Balanced Channels

In a balanced-channel system, we have

A=A, and
0,=0,. (4)

For such a balanced-channel system, equal inputs will yield equal outputs. That is

|f X2 (n) = Xl(n) ,
then Y, (n)=Y;(n). (5)
We note that Eq. (4) is a different set of requirements than for a ‘distortionless’ system, which requires a constant

amplitude, and linear (with frequency) phase response. That is, we can in fact have two entirely distortionless channels
that are nevertheless not balanced. Similarly, we can have perfectly balanced channels that are not distortionless.

In practice, especially with analog signal paths, perfect balance is an ideal that can be approached but never achieved.
Consequently we are faced with the following questions.

1. How much balance is good enough?
2. How can we make balance better?

We defer answers for now.
2.2 Unbalanced Channels

We now consider the case where channels are not balanced. That is we allow

A, # A, and/or
@2 * @1 . (6)

With some forethought, we define the channel parameters in terms of an ideal value and an error. That is, we define

A1:A0(l+a£)'
A=A (1-3,),
®1=®0 +6€,and
0, =0,-0,, ()

where

a, = amplitude error parameter, and
6, = phase error parameter. (8)

We note that the errors are related to the individual channel parameters as

ag =M'and
A+hA
eg:@. 9)
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In general, we expect all new terms to be frequency-dependent as well, although as a practical matter the error terms can
typically be expected to be relatively low-frequency compared to other parameters. We note that a, =0 and 6, =0

yield balanced channels, where
Hy(n)=Hy(n)= Aye®0 for balanced channels. (10)

More generally, channel transfer functions may be written as

Hi(n):,ﬁ,-ej@i =A0(1iag)ej(®°i0€), (11)

where the plus sign holds for channel 1, i.e. i =1, and the minus sign holds for channel 2, i.e. i =2. With a little algebra
and trigonometry we may expand the channel transfer functions to

H; (n) = Age® (cos o, + jsing, +a, cosd, + ja,sing,), (12)
and then to
H; (n) = Ayel® ((cosd, + ja, sin6, )+ (a, cosd, + jsinb,)), (13)

For small errors, we may approximate this as
Hi(n)z[AOejG)O}—ej”i[Aoej@O (ag+j€g)] (14)

We make several observations.
e  The first square bracket is the desired ‘perfectly balanced’ channel term.

e The second square bracket represents the departure from perfect balance, which is a copy of the ‘true’ term but
attenuated and shifted in phase.

e The imbalance term sits on top of (in frequency), and corrupts the true term.

e  Attenuating the second term will improve balance.

If the errors are known, well characterized, and stable, then calibration schemes might be employed to ‘correct’ the
analog channel and/or the data sampled from it. In practice such calibration schemes can help, perhaps even sufficiently
for some applications. However this is not always the case, and begs for alternate or additional measures to achieve
channel balance. One such measure is “channel commutation.”

2.3 Simple Channel Commutation

We begin with the need to process two input signals simultaneously through respective signal channels, which we are not
able to guarantee are sufficiently balanced for our purposes. Now consider the prospect of achieving balance by
operating in a manner so as to put both signals through both channels, so that any error between channels affects both
signals equally. We achieve this with “commutation.” That is, we swap channels for each signal as a function of pulse
index number. This is written in a general sense as

Yi(n)=Hyg ) (n)Xg(n) , and
Y2 (n)=Hyg () (n)X2(n), (15)

where
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fi(n)e {12}, based on some function of n, and

S A )

Here we will assume that channels are swapped every other pulse. This is illustrated in Figure 2. We may write this as
fi(n)=mod(i+n-12)+1. (17)

This means that the channel error is added or subtracted on alternating pulses, with each channel doing the opposite of
the other. This allows us to write the channel transfer function as

H gy (n) = Ape 1 [-eI7 4 ael® (a, + jo,) . (18)

The previous equations can be combined, manipulated, and simplified to
H(n) (n)=~ [Aoej@0 J—ej””ej”i [Aoej@)O (a; +j6, )J . (19)

From this, we make the following observations
e  Sometimes the un-doing of the commutation is called “decommutation.”

e Comparing the commutated expression in Eq. (19) with the non-commutated expression in Eq. (14) shows that

the big difference is that the imbalance energy is modulated by ed™ That is, the imbalance energy isina
neighborhood centered around a different Doppler frequency than the balanced energy. Commutation attempts
to separate balanced energy from imbalance energy in Doppler.

e Inaradar, if the commutation is done on a pulse-to-pulse basis, then the term el represents half the Pulse
Repetition Frequency (PRF), or the frequency PRF/2.

e The relative magnitude of the imbalance signal is /a2 +6,2 .

e Commutation works to balance both amplitude and phase. It does not prefer one over the other.

o |f the ideal balanced output spectrum of Y; (n) is band-limited to something less than PRF/2, then the
imbalance energy can be completely separated from the balanced energy, in frequency. This is illustrated in
Figure 3. This is good.

e If the ideal balanced output spectrum of Y; (n) is not band-limited to something less than PRF/2, then the
imbalance energy cannot be completely separated from the balanced energy, and will overlap in frequency. This
is illustrated in Figure 4. Commutation will not help much in this case. This is bad.

e The degree to which commutation aids balancing is the degree to which the imbalance energy can be
suppressed, i.e. filtered. Filtering is generally easier the more the undesired spectral components are separated
from the desired spectral components.

We further stipulate that commutation can be readily extended to more than two channels.
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X, (N)———> H,(n) ——>Y,(n)
neven

X,(n) H, (n) Y, (n)

X,(n) H,(n) Y,(n)
n odd

Figure 2. Two channels with commutation on alternate pulses.

Balanced Energy
Imbalance Energy

—PRF —PRF/2 0 PRF/2 PRF

Figure 3. Doppler spectrum of commutated signal energy with adequate PRF.

Balanced Energy
Imbalance Energy

-PRF —PRF/2 0 PRF/2 PRF

Figure 4. Doppler spectrum of commutated signal energy with inadequate PRF.
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2.4 Some Radar Design Considerations
We now pose and then answer some questions with respect to using commutation in a radar design.

What kinds of channels might be balanced?

Multiple channels are employed in a radar for a variety of reasons. These might include
1. Multi-polarization radars,
Elevation IFSAR or InNSAR systems,
Endo-clutter GMTI systems,

2
3
4. Tracking radars,
5. Other DOA measurements,
6

Baseband quadrature demodulator architectures.

What constraints are there on radar operation?

The radar PRF should be at least twice the Doppler bandwidth, but the more the better. The farther apart the balanced
energy is from the imbalance energy in Doppler, the easier will be the filtering. In particular, if presumming is used, it is
advantageous to employ commutation before the presummer since the filtering action of the presummer will attenuate the
imbalance energy in the normal course of operation.

Where should commutation/decommutation be applied?

Commutation will only help balance those circuits that are in fact switched. Consequently, it is advantageous to apply
commutation as near to the signal source as possible, that is very early in the receiver signal path. Since imbalance is
typically a function of analog components in the signal path, it is advantageous to decommutate after the signals have
been digitized.

How much channel balance is needed?

The degree of balance needed is a function of the application of the radar. We opine the following typical limits.
For simple SAR images, imbalance energy should be —35 dBc or better.

For DMT!I range-Doppler maps, imbalance energy should be —55 dBc or better.*

Of course “better’ is better.

3 COMMUTATION OF SUM AND DIFFERENCE CHANNELS

Often, instead of transmitting separate inputs, the channels will transmit sum and difference signals. This is often the
case with monopulse radars. In such a case, the channel inputs are algebraic sums of other signals. Accordingly we
define
U, (n) = input spectrum of first signal for pulse n,
Uy, (n) = input spectrum of second signal for pulse n,
(n

Vy ) = output spectrum of first signal for pulse n, and
Vp (n) = output spectrum of second signal for pulse n. (20)
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Channel inputs now become

Xg(n)=Ug(n)+Up(n) , and
X (n)=Ug(n)-Uy(n), (21)

Corresponding outputs can be reconstructed as

V. (n)=M and
a > )
Vb(n)zw. (22)

In such situations, channel 1 is often referred to as the “sum” channel, or X-channel, and channel 2 is often referred to as
the “difference” channel, or A-channel. We can expand the output using commutated channels as

Va (1) =3 (H ) (0)(Ua (0)+ Uy () + H ) () (Ua (0)-Up (n))) , anc

Vo (1) =2 {10 (0)(Ua (1) +Up (1)) =H 1 (1) (Ua (0)~Up (1)) @3
This may be simplified to

Va (1) =2 o) (1) H g0y (1)U (1) + 2 (H gy (1)~ H ) (1)U () e

Vi (1) =2 H iy (1) = ) () U (1) 2 H gy (1) + Hy oy () U (). (22)

Note that if channels are balanced, then signals are properly passed. However, if channels are not balanced, then each
output is corrupted by the non-corresponding input. To facilitate the subsequent discussion we define a virtual channel
as

Hp (1) =2y (1) H ) () e
i (1) =20y (1)~ H ) (). (25)

(N)Ua(n)+Hp (n)Up(n) , and
m(N)Ua(n)+Hp(n)Up (n). (26)

In this formulation, H,(n) passes the desired component, and Hp, (n) is ideally zero. Now let us presume simple
channel commutation, that is pulse-to-pulse channel switching. This is illustrated in Figure 5. In this case, recall that

Ht(n) (n)= [Aoej% }—ej””ej”i [Aoe‘@“ (a, + jb, )J . (27)

Accordingly, we expand and simplify to
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Hy(n)= [Aoej%}—%ej”” (ej”1+ej”2)[A0ej®0 (a, + jo, )J , and

Hn(n)=[ 0 ]—%ej””(ej”l—ej”z)[Aoej@)O(ag+j98)J. (28)
Of course this simplifies further to

Hp(n):[ﬁgej%] , and

Hm (1) =3 | Age I (a, + 6, ) | (29)

Clearly, the undesired signal is a function of the imbalance, but is modulated to PRF/2. This is desirable. Consequently
commutation does work for sum and difference signals.

1]
U, (n) Xl(”)ﬁ H,(n) N >Y:(n) E%Va(”)
s\)i,/' s:>:i/'
. L \\\\\ . L \\\\ T
U, (n) - X, (n)— H,(n) 3, (n) - E%Vb(n)

Figure 5. Commutation of Sum and Difference Signals.

4 RANDOM COMMUTATION

The commutation discussed in previous sections simply moves the imbalance energy, to a Doppler center frequency of
PRF/2 in the case of two channels. This works just fine if the Doppler spectrum to which the imbalance energy is moved
is not otherwise needed by the radar. For many systems this might indeed be true, e.g. SAR under the right
circumstances. However, for other radar systems the analysis of the entire Doppler spectrum is desired. In such cases
there is no convenient spectral region to which imbalance energy might be moved, often the case for GMTI and DMTI
systems.

Whereas “Plan A” was to move the offending energy out of the way, we now consider a “Plan B” whereby the offending
energy is smeared to hopefully reduce its effects on the radar data. Since our choice on any one pulse is to either
“switch” channels or to “not switch” channels, an obvious mechanism to smear the imbalance energy is to do the
switching in some zero-mean random manner. Accordingly, our model continues to be written in a general sense as

Y1(n)=Hg ) () X1(n) . and
Y,(n)=H fz(n)(n)xz(n), (30)
where the switching function is given as

fi(n) e {1,2}, but now randomly selected with equal for each pulse n, and

S N o
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We may write this as
fi(n)=mod i+ f;(n)-2,2)+1, (32)

This again allows us to write the channel transfer function as

H gy (0) = Ape 10 | —ed 7 apel® (a, + jo,) . (33)

The previous equations can be combined, manipulated, and simplified to

H g (n) (n)=~ [Aoej®°J+ej”iej”f1(n) [Aoeje)o (a, + jo, )J (34)
This can otherwise be written as

Hi(m (1) =] Aoe® [+ £(n)el™ | Agel® (a, + 6, ], (35)
where we equate

&(n)=2f,(n)-3. (36)

This makes & (n) a random variable with equally likely values from the set {—1, +1} . Consequently, the imbalance

energy is modulated with e:(n). This random modulation will smear the imbalance energy in Doppler. This is
illustrated in Figure 6.

Balanced Energy
Imbalance Energy

-PRF -PRF/2 0 PRF/2 PRF

Figure 6. Doppler spectrum of randomly commutated signal energy.

Several points are worth observing include the following.

e As the imbalance energy is spread in Doppler, its maximum peak value can be expected to be reduced. This is
ultimately an example of conservation of energy.

e The reduction in Doppler spectral density of the imbalance energy will be greater for larger ratios of PRF to
balanced energy Doppler bandwidth.

e No amount of filtering will completely remove ‘in-band’ imbalance energy. However, it will be diminished.
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5 SUMMARY & CONCLUSIONS

We offer several summary comments.

Commutation is the trading, switching, toggling, or multiplexing channels.
Commutation allows all channels to see an average of channel characteristics, with any imbalance modulated.

Imbalance energy may be modulated to different Doppler spectral regions than balanced energy, and then
mitigated by filtering.

Commutation will work on two or more channels.

Commutation will work on sum and difference channels.
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