
IMPLEMENTATION OF RF CIRCUITRY FOR REAL-TIME
DIGITAL BEAM-FORMING SAR CALIBRATION SCHEMES

Stephen J. Horst, James P. Hoffman, Dragana Perkovic-Martin, Scott Shaffer,
Tushar Thrivikraman, Phil Yates, and Louise Veilleux

Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Dr., Pasadena, CA 91109, USA

sjhorst@jpl.nasa.gov

Keywords: SweepSAR, Calibration, Digital Beam-
forming

Abstract

The SweepSAR architecture for space-borne remote sens-
ing applications is an enabling technology for reducing
the temporal baseline of repeat-pass interferometers while
maintaining near-global coverage. As part of this architec-
ture, real-time digital beam-forming would be performed
on the radar return signals across multiple channels. Pre-
serving the accuracy of the combined return data requires
real-time calibration of the transmit and receive RF paths
on each channel. This paper covers several of the design
considerations necessary to produce a practical implemen-
tation of this concept.

1 Introduction

The SweepSAR architecture promises significant perfor-
mance improvements over traditional strip-map SAR in-
struments for remote sensing applications [1]. This tech-
nique produces an extremely wide swath on transmit, while
selectively sweeping the return signal on receive using mul-
tiple real-time digital beam-forming (DBF) channels. This
wide-swath capability is critical for reducing the temporal
baseline of repeat-pass interferometer instruments, which
plays a critical role in enabling Interferometric SAR (In-
SAR) deformation measurements for emergency response
applications after an earthquake. SweepSAR also increases
the number of looks compared to the ScanSAR architec-
ture, an alternative wide-swath technique in which a single
narrow swath is scanned in time over a broader area. Com-
parative analysis has shown that the SweepSAR architec-
ture is estimated to reduce mass by 70% and costs by 50%
over a traditional phased-array design, such as ScanSAR,
by reducing the number of necessary T/R channels [4].
Implementation of a real-time DBF system requires the
gain and phase of individual RF channels to be well un-
derstood for both transmit and receive activities [3]. Unac-
counted shifts and uncertainty in the RF front-end will cor-
rupt the digital algorithms that synthesize the return signals.
Figure 1 shows the basic architecture of the RF portion of
the radar. On transmit, mismatches between channels lead
to increased range ambiguities caused by increased varia-
tion in the transmitted wave-front, which impose require-

Figure 1: A simplified block diagram of the RF portion
of a SweepSAR instrument. Using a parabolic reflector,
the channels transmit simultaneously in-phase to produce a
wide swath on the ground. Digital algorithms combine the
return signals individually, creating a swept receive pattern
in the cross-track direction.

ments that gain and phase be controlled between channels
to within a specified tolerance. On receive, the time-critical
gating of the receiver channels will produce distortion of the
return signal without real-time knowledge of the gain and
phase of the channel. This distortion leads to degradation
of the integrated and peak side-lobe ratios. Each of these
factors will play a role in the uncertainty of a deformation
measurement.

Traditional SAR calibration techniques rely on post-
processing to remove artifacts of the RF front-end in pro-
ducing the image. This process involves pre-flight charac-
terization of the RF module performance over temperature,
followed by the application of correction factors in post-
processing based on in-flight temperature measurements
synchronized to the science data. Effects not related to
temperature, such as radiation effects and aging, are not ac-
counted for using traditional calibration. Furthermore, the
need for real-time DBF requires that correction factors be
applied on-board rather than in post-processing. On-board
correction is a fundamental requirement because the DBF
algorithm is essentially a weighted sum of the complex re-
turns within a group of receive channels. Once the sum-
ming operations have been performed, it becomes impos-
sible to untangle the result to apply correction factors to



each channel. Space-borne SAR missions are also almost
always data-constrained, meaning the down-link bandwidth
is a limiting factor in instrument performance, so adding ad-
ditional strain on the data-link to perform beam-forming on
the ground is an impractical proposition. The proposed dig-
ital calibration scheme offers the ability to overcome these
limitations by developing a closed-loop process that tracks
systematic changes in RF performance, thereby capturing
any effects that might be encountered in flight [3]. This
paper will bridge the gap between the science goals of a
repeat-pass InSAR and the calibration requirements for a
re-configurable T/R module to be able to meet those.

2 Calibration Requirements

Designing RF hardware that can reliably measure Solid
Earth deformation on the scale desired by the science com-
munity requires understanding how gain and phase errors
in the hardware will impact the desired result. A complete
derivation of radar performance for this purpose is given
in [2], with the relevant equations reproduced here for con-
venience. Uncontrolled variance in the phase of the instru-
ment will degrade the integrated side-lobe ratio (ISLR) met-
ric. If we start by assuming the random fluctuations in the
phase estimates have a normal distribution, which may be
a reasonable assumption, the ISLR can be expressed as the
RMS value of the various phase noise sources

ISLR = 20 ∗ log

(

√

σ2
RX + σ2

TX + σ2
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)

(1)

These will combine with the total ambiguity-to-signal ratio
(AMB) and quantization-to-noise ratio (QNR) to give a
total estimate of the multiplicative noise ratio (MNR)

MNR−1 = ISLR + AMB +
1

QNR
(2)

The multiplicative noise can be combined with the desired
signal to noise ratio (SNR) in linear terms to give the cor-
relation of measurements of the scatterer

γ =
SNR

SNR(MNR−1 + 1) + 1
(3)

Finally, the deformation variance can be determined by
combining the correlation of the measurements with the
number of looks used to produce the final estimate to give

σdeformation =
λ

4π

1√
2NL

√
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(4)

These equations give a translation between a phase error
in the instrument,σ2

RX andσ2
TX , to an error in the mea-

sured deformation at the target,σdeformation. For the pur-
poses of this analysis, we will target a deformation error
less than 0.2 mm and neglectAMB andQNR, while al-
lowing SNR to go to infinity. If we split the variance of the
TX chain and RX chain evenly, while disregarding any vari-
ance of the ADC, we have a means of observing the impact
of hardware phase variance on deformation measurement
accuracy in the absence of other factors. A plot under these
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Figure 2: Deformation error as a function of cumulative
hardware phase variation.

assumptions is shown in Figure 2. For resolving changes
down to 0.2 mm, this implies a total phase variance of less
than±0.05◦ under ideal circumstances.
Phase variation in the T/R module hardware can occur from
both random and deterministic sources. Random noise
sources fit easily into the ISLR estimation in (1). However,
systematic errors primarily due to temperature variation can
degrade the measurement if left unaccounted. The on-board
calibration process eliminates a majority of these system-
atic variations in phase. However, the components outside
the calibration loop or those that make up the calibration
circuitry themselves remain susceptible to these errors. For
these components we can derive certain requirements to aid
in the design. For the components making up the calibra-
tion paths, this implies keeping the total phase deviation
over temperature less than the±0.05◦ requirement through
the use of a look-up table. By restricting those out-of-loop
components to relatively stable items such as couplers and
switches, a single temperature sensor should be accurate
enough to achieve this distribution, as demonstrated laterin
Figure 5.
A more interesting constraint arrives from the isolation of
signals through the various paths that make up the on-board
calibration. The bleedthru from an isolated signal path can
be modeled as an interferer on top of an ideal signal

(1 + Meθ)eω0t (5)

whereM andθ are constant terms for the amplitude and
phase of the interferer respectively. The reference term
eω0t is given here as a sinusoid but can also be replaced
with a linear chirp where appropriate. The relative strength
and phase of the interferer will determine the amount of ab-
solute phase error observed in the combined signal through
the vector addition of the first term in (5). However, abso-
lute phase changes do not impact the repeat-pass interfer-
ometer, only a difference in phase. Therefore, it is the slope
of the vector sum with respect to phase that is important
here. This can be written as
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Figure 3: Measured phase delta relative to the phase offset
of an interferer. In order to keep systematic phase variance
within an acceptable range, the interferer magnitude (isola-
tion) must be suppressed by at least 55 dBc.

d

dθ
6 (1 + Meθ) =

d

dθ
tan−1

(

M sin θ

1 + M cos θ

)

(6)

Figure 3 shows the result of (6) for interferers of various
magnitudes,M , swept across all possible phase offsets,θ.
The results show that in order to keep change in measured
phase below an acceptable level for any possible phase off-
set, the magnitude of the interferer (set by the isolation be-
tween paths in the T/R module) must be suppressed by at
least 55 dBc from the desired signal. The alternative is to
control the phase relationship of any possible interferersto
within a narrow window, a risky and difficult task. From
Figure 3, if we allow the interferer magnitude to increase
to -40 dBc, we must control the phase to within±10◦ of
either90◦ or 270◦. Understanding these constraints allow
for informed design decisions in the T/R module.

3 T/R Module Design

The reconfigurable architecture for a single T/R chan-
nel employing the proposed closed-loop digital calibration
scheme is shown in Figure 4. There are three primary
switch-configurable paths for characterizing the gain and
phase performance of the T/R module: the transmit calibra-
tion path, the receive calibration path, and a bypass calibra-
tion path that has separate sub-configurations for transmit
and receive because of the anti-alias filter.
We discuss receive calibration and transmit calibration in
separate sections below. Each of these uses a bypass cali-
bration path as a reference to isolate the impact of the de-
sired calibration path. Functionally, this path is used for
correcting skew between T/R channels, which is manifested
either by phase offsets in the common RF paths, or clock
skew between the digitizing ADCs in each channel. How-
ever, performing a bypass calibration comes at a cost to the
science data. The wide swath covered by the SweepSAR
transmit pulse stretches the return signal over a longer pe-
riod of time. In fact, the receive window is so long that
valid return data is constantly incident somewhere on the

Figure 4: A simplified block diagram of a re-configurable
T/R module with emphasis on the calibration paths.

receive array. This implies that the act of transmitting itself
causes a loss of data. The bypass calibration is a similar
scenario where the receiver must be turned off in order to
perform the calibration. Therefore, minimizing the num-
ber of times a bypass calibration needs to be performed is
critical to maximizing the performance of the instrument.

The placement of the anti-alias filter has significant im-
pact on the bypass calibration scheme. In our design of
an L-band SweepSAR instrument, the radar return data is
directly sub-sampled at a rate of 240 Msps. The desired
80 MHz bandwidth is thus folded over several times in the
digitization process. The anti-alias filter is necessary to
suppress the out-of-band noise from folding on top of the
desired signal and reducing the SNR. At the same time, a
filter is needed on the transmit calibration path to prevent
the harmonics generated from the highly compressed HPA
from corrupting measurements of the transmit chirp. Rather
than using two large filters, we have chosen to use a single
filter just before the ADC. The impact on the bypass cali-
bration is that we must now use two separate paths for TX
and RX bypass as shown in Figure 4. By including the filter
in the TX bypass measurement, we can remove its impact
when measuring the TX chirp for calibration. However, if
we were to use this same path for the RX bypass, we would
also remove the impact of the filter during RX calibration
even though the filter is very much part of the desired RX
path. Since the filters are one of the most volatile compo-
nents in the T/R module over temperature, this is not ac-
ceptable. The additional bypass path that excludes the filter
is therefore used for RX calibration so that the filter’s im-
pact will be included in the RX correction algorithm.

The introduction of a split bypass path also creates another
loop that must meet the isolation requirements developed
in section 2. This path travels across the throws ofSW2,
across the outputs ofSP1, and through the isolated path of
SW3. If we assume a Wilkinson power divider achieves 15
dB of isolation between the output ports across the band,
then this implies that the switchesSW2 andSW3 need at
least 20 dB of isolation each in order to meet our -55 dBc
isolation requirement.
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Figure 5: Phase response of the receiver over temperature
at center band. Phase measurements were taken 100 times
over a 15 minute period.

3.1 Receiver Calibration

Receive calibration is implemented using one or more CW
tones generated just outside of the chirp bandwidth, but
within the receive filter bandwidth. This signal is coupled
in with the radar return signal whenever the receive gate is
open [3]. Digital filtering is used after the signal is digi-
tized to separate the calibration tone from the return data.
The gain and phase information extracted from the cal tone
is used to adjust the weighting factors applied by the DBF
algorithm.
Phase stability measurements of a development receiver
built to test the calibration concept were taken over tem-
perature, and are shown in Figure 5. After stabilizing at
each temperature point, 100 measurements were taken over
the course of fifteen minutes on the network analyzer to get
a sense of the circuit’s variation over an extended period
of time. The mean value of these measurements is plotted
in the figures with error bars representing a±3σ variation
based on 100 samples at center band. The variation seen
across the 100 measurement window is very strongly cor-
related to temperature although the overall phase response
deviates from linearity at lower temperatures. The resultsof
this test give an indication of the random variance that can
be expected from the receiver as a whole. In section 2, we
established that the cumulative phase variance,σ2

RX+TX ,
had to be less than±0.05◦ in order to meet the desired de-
formation measurement accuracy. Measurements from Fig-
ure 5 indicate that the receiver contribution to that,σ̄2

RX ,
at a fixed temperature is orders of magnitude less than that.
This is important because it establishes that systematic vari-
ances that can be corrected in calibration will dominate the
allocated error margin as opposed to random fluctuations
which cannot.
While performing receiver calibration, the AWG in Figure 1
that typically generates the transmitted chirp will instead
generate the CW calibration tone. This will follow through
the RX cal path until it is combined with the radar return
signal atCP2 in Figure 4. Isolating the bypass path to

the required level means all three switches to have isolation
better than 20 dB, identical to the requirement for the by-
pass path developed earlier. There are two paths through
the TX chain that need to be sufficiently isolated using this
scheme: the TX calibration path and the reflection off of the
antenna and back through the un-calibrated circulator. The
large attenuation needed in the TX calibration path to bring
the +50 dBm transmitted waveform to a level easily han-
dled by the ADC means that isolation through this path is
easily sufficient to meet the requirement. The path reflected
off of the antenna is not as easy.
It is desirable for the cal tone injected into the receiver at
CP2 to be at a level comparable to the expected radar re-
turn signal. This means the signal should be no greater than
around -60 dBm, and the requirement to be -55 dBc iso-
lated will be relative to that. If the AWG signal enters the
T/R module at a level of 0 dBm, then the isolation between
the T/R module input and the input port ofCP2 needs to
be greater than 115 dB. Part of this comes from powering
down the TX chain during receive. However, because of
the switching speed required between TX and RX events
to reduce the loss of data, not all of the amplifiers can be
turned off. The high power parts naturally lend themselves
to high-speed switched operation but the small signal am-
plifiers that have the most gain cannot turn on and off fast
enough for this application. That is the reasonSW1 is an
SP3T switch in-line with the TX chain. A coupled switch
configuration with an in-line coupler followed by the switch
out of the transmit path would provide a more stable path
for the transmit calibration but would allow the RX cal-
ibration tone to be amplified directly by the small-signal
amplifiers of the TX chain, which would fail the isolation
requirement by over 20 dB.

3.2 Transmitter Calibration

Transmit calibration consists of a coupled version of the
transmit chirp directly digitized by the ADC. This signal
is used to maintain phase alignment of the transmit chan-
nels by making real-time adjustments to an internal phase
shifter in each channel and is also sent to the ground for cor-
recting residuals in post-processing. Transmit calibration
occurs every time a chirp waveform is transmitted. The by-
pass calibration includes the anti-alias filter as mentioned
previously so that it can be removed from the calibration,
since it is not part of the true TX chain. Keep in mind the
absolute phase transmitted by each channel is not impor-
tant. It is only important to keep the phases of each channel
aligned relative to each other to within a few degrees. The
bypass calibration is therefore included so that phase shifts
in common blocks such as the AWG and up-converter do
not cause all of the T/R module phase shifters to change at
once, improving the reliability of the transmit calibration.
The decision to combine the filter needed at the output of
the HPA with the anti-alias filter reduces the size footprint
of two large components into one large component. More
importantly, it directly improves the SNR of the instrument
by not including a filter directly in the transmit path. With
each transmitter outputting 100 W the loss of even a few



tenths of a dB translates to several Watts of power. In ad-
dition, multipactor and corona considerations for space ap-
plications would increase the size and insertion loss of such
a filter considerably. Drawbacks to combining the filters
near the ADC include complications to bypass calibration
as discussed previously, but also an increased complexity to
the HPA design in order to reduce harmonics to meet NTIA
requirements. These are not as stringent as the isolation re-
quirements though because the circulator and antenna will
provide some assistance in meeting this specification.
Maintaining the isolation requirement for transmit calibra-
tion involves suppressing gain through the receiver to a
level 55 dB below the TX calibration level at the ADC.
This level is approximately 0 dBm corresponding to the
maximum range of the ADC. The receiver is a small-signal
block that suffers from similar problems to isolating sig-
nals through the transmit driver. Switching the DC supplies
to the small-signal amplifiers is too slow to meet the high-
speed switching requirements needed to minimize data loss.
However, unlike isolating the transmit driver, the receiver
has two other options for achieving the necessary reduc-
tions in power. The first is RF limiting diodes on the front
end of the receiver designed to protect the circuitry in the
event of transmitting into a short at the antenna port. These
also trip during normal transmit events thus setting a max-
imum power going into the receiver at +15 dBm. The re-
ceiver also contains variable attenuators used to adjust the
gain in the presence of known RFI. These can be turned
to maximum attenuation during transmit events to provide
60 dB of loss even though the receiver gain of 50 dB is still
present, leaving a +5 dBm signal present atSW3. Thus, in
order to meet the isolation requirement,SW3 must provide
at least 60 dB of isolation, which is by far the most restric-
tive requirement placed upon the calibration structure.

3.3 True Time Delay Interference

So far the impact of isolation has been analyzed for the re-
configurable paths within the T/R module. One final iso-
lation consideration arises from the distribution networkto
the T/R modules. Referring to Figure 1, this occurs because
of the time delay introduced by the long phase matched ca-
bles extending from the distribution network to the individ-
ual T/R modules. This time delay can also be modeled as
an interfering signal as developed in section 2 as long as
the signal is a CW sinusoid. However, since the cause of
the phase shift is a true time delay, a linear chirp needs sep-
arate consideration.
The problem can be highlighted in Figure 6a, showing
the interface between the distribution network and the T/R
module on a single channel. Due to mismatches at the in-
terfaces, a portion of the desired signal will reflect back
through the transmission line, then reflect back again off
of the distribution network interface to arrive back at the
T/R module at a later time. These re-reflected, or “ghost”,
signals arise from the physical distances mandated by the
array element spacing. For the single L-band chirp signal to
be distributed to each of the twelve proposed T/R modules,
cable lengths of at least 80 inches will be needed, which

Figure 6: A visual depiction of the time delayed re-
reflection, or “ghost”, problem that degrades the calibration
estimate. The long cables required to feed multiple T/R
modules leads to the time delayed coherent signal.

introduce a delay of 8.4 ns through each cable. Poor return
loss from the T/R module and distribution network coupled
with the delay introduced by the cable length could easily
produce coherent ghost signals that exceed the -55 dBc iso-
lation requirement.
Our solution to this problem has been to add attenuators to
the interface between the T/R module and the transmit dis-
tribution network. As shown in Figure 6b, these attenuators
reduce the magnitude of the ghost signal at the expense of
requiring a stronger driver amplifier at the input of the trans-
mit distribution network. Two approaches were considered.
The first places all of the attenuation at the T/R module in-
terface, while the second splits the total attenuation in two
with each half split between the T/R module and distribu-
tion interfaces respectively. The impact of the attenuators
on the magnitude of the ghost signal at the T/R module in-
put is shown in Figure 7. In order to meet the 55 dB isola-
tion requirement for the ghost signal, a distributed attenua-
tor approach with 16 dB total attenuation is desired. How-
ever, this would require an amplifier with +31 dBm output
power to drive the transmit distribution network. The am-
plifier in the present distribution network falls just shortof
that power level at +28 dBm. Meeting the isolation require-
ment with the present driver amplifier requires improving
the VSWR of the interface components to better than 1.1:1.
For a sinusoidal signal, the impact of the ghost re-reflection
will appear identical to the analysis in section 2 because the
frequency is constant over time. However, the frequency of
a linear chirp is changing over time. This actually reduces
the impact of the interferer because the reference term from
(5) requires proper alignment of the chirp to maximally de-
tect the signal. With the ghost signal delayed in time, it is
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Figure 8: Impact of the ghost interferer on chirp wave-
form delayed by the equivalent of a re-reflection through
an 80 inch cable. The impact of the interferer is reduced
because the phase estimator depends on the frequencies be-
ing aligned.

no longer making a maximum disturbance on the desired
signal. The result of a delayed chirp simulation is shown in
Figure 8. The total delay is estimated for an 80 inch cable
with a phase velocity of 80%. The swept phase offset is the
result of considering all possible phase angles off of reflec-
tions at the interface components. Under these conditions,
the isolation requirement for the time delayed chirp drops
to -40 dBc. From Figure 7a, we can see that this require-
ment can be met without the use of the attenuators needed
in the CW case.

4 Summary

The need to perform real-time digital beam-forming on a
SAR instrument produces unique design challenges to ac-
commodate the necessary on-board calibration. We have
outlined our efforts to design a re-configurable T/R module
that would meet the level of precision desired by the Solid
Earth science community. These steps have included set-

ting bounds for the permissible phase variation in the T/R
module and establishing the isolation required through each
of the re-configurable paths. We have also established that
systematic variations such as those caused by temperature
fluctuation will dominate over random phase variations in
the actual hardware. Finally, efforts to reduce interference
caused by the time delay from the distribution network to
each T/R module have been presented. This effect is dulled
by chirped waveforms as the delay offsets the frequency
with the desired signal to reduce the impact on the phase
estimate at the ADC.
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