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ABSTRACT

DEVELOPMENT AND DEPLOYMENT OF A C-BAND
SAR FOR SNOWPACK CHARACTERIZATION

SEPTEMBER 2024

ERIC SUTHERLAND
B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S.E.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Paul Siqueira

Snow water equivalent (SWE) is important for studying the cryosphere as
well as providing better understanding of the global water cycle. Synthetic aperture
radar (SAR) is a promising candidate for estimating SWE as it allows for large-scale
measurements at fine spatial resolution.

This thesis presents work done to design and deploy an airborne C-band SAR
for measuring SWE. The instrument is a pulsed radar capable of making co- and
cross-polarized measurements as well as performing interferometry over wide swaths
of terrain. The system has been successfully deployed over several field campaigns
and shows promising results. Artifacts due to aircraft motion are present in the
results shown in this work, and further improvements to the processing algorithms

can be made to improve the processed imagery. This instrument will provide valuable

v



datasets allowing for comparison of airborne estimates of SWE to measurements from

more mature spaceborne systems.
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CHAPTER 1
INTRODUCTION

This thesis presents work done to design, build, and deploy a C-band synthetic
aperture radar (SAR) which is a part of a three frequency SAR called SNOWWI
(Snow Water-equivalent Wide Swath Interferometer and Scatterometer) being devel-
oped by the Microwave and Remote Sensing Lab (MIRSL) at UMass Amherst. The
three frequencies consist of one C-band radar centered on 5.39 GHz, and two Ku-band
radars centered on 13.64 GHz and 17.24 GHz. SNOWWI is designed to be deployed
on an airborne platform to make measurements of the depth and density of snow
to derive the snow water equivalent (SWE). Implementing a three-frequency system
allows for comparisons of the backscatter characteristics to better estimate SWE. The
C-band frequency is particularly useful in its ability to make connections from these
airborne measurements to those of mature spaceborne instruments like Sentinel-1 and
the RADARSAT Constellation Mission (RCM).

SWE is a measurement of the amount of water stored in a column of snow
[1]. Measurements of SWE become increasingly important as climate conditions on
Earth continue to change rapidly. Understanding the amount of water stored in each
volume of snow aids in studies of the cryosphere as well as improve understanding of
the global water cycle. Accurate measurements of SWE allow for improved predictions
of ooding or avalanche conditions which can help save damage to life and property.
Further, many communities depend on snow melt to Il reservoirs for drinking water.
Understanding the snow water equivalent will allow these communities to be warned

if their water supply is at risk, and aid in planning allocations of fresh water to



align with societal priorities. Other motivation to measure snow cover come from
its ability to e ciently re ect thermal energy from the Sun. Its albedo lies between
0.8 and 0.9, meaning that it is a strong re ector of light compared to land surfaces
with an albedo between 0.1 and 0.3 [2], snow cover aids in keeping the Earth cool by
re ecting energy from the Sun. As snow cover conditions change, di erent amounts
of energy are absorbed by the Earth which contributes to warming e ects.

Synthetic aperture radar is a promising candidate for a system to measure
snow. It takes advantage of motion of the antenna relative to the target to produce 2-
D and 3-D images with a ne, and constant spatial resolution. SAR has proven useful
for remote sensing techniques, as it can provide large scale measurements, independent
of weather conditions, and may operate day or night. Synthetic aperture radar is an
active system that transmits energy and receives the echoed version of this signal.
An active system such as this has advantages over passive systems, like radiometers,
as an improved spatial resolution can be achieved. Further improvements are made
in the ability to measure deep into the snowpack; to understand the density of the
snow. This is a signi cant advantage over LIDAR or optical remote sensing which
may only provide measurements of the snow surface, or radiometers which tend to

saturate as snow becomes deep.

1.1 Review of past work

Synthetic aperture radar is a mature technology and has been in operation
since the 1960's for various applications. By 1978, the data began being processed
digitally using the range-Doppler algorithm [3]. This algorithm has since been modi-
ed to accommodate various squinted geometries.

In recent years, spaceborne SAR instruments such as Sentinel-1 have proven

useful for estimation of SWE [4]. This shows e ectiveness of SAR for snow measure-



ments, but also highlights the need for a spaceborne instrument geared directly at
measuring Snow.

The Microwave Remote Sensing Lab at UMass Amherst has also developed
several SAR systems including a Ka- and S-band system known as KaSlI [5]. Various
processing techniques have been implemented, including the range-Doppler algorithm
[6], and a time domain back projection algorithm [7]. Each of these radar systems
have been designed as FMCW systems which have advantages in terms of cost, power
consumption, and data volumes, however are limited by other characteristics; namely
swath width.

Each of these motivate the development of the airborne instrument described
through this work. This project is the rst pulsed SAR instrument from MIRSL and
is meant to serve as an incubator for future spaceborne missions. The data from this
instrument will be crucial in connecting measurements from SNOWWI to Sentinel-1

to verify how accurately the system can measure SWE.



CHAPTER 2
THEORY AND BACKGROUND

This chapter is intended to serve as a brief overview of theory applied through-
out this thesis. Included is an introduction to radar theory; the goal of this section
is to give a basic understanding of radar principles, and discuss di erences between
various radar architectures. Important concepts in synthetic aperture radar are then
covered. Distinctions are made between real aperture radars and SAR, then a high-
level overview of various processing techniques is presented. Each concept is discussed

in further detail throughout this work.

2.1 Radar Theory

A radar is an instrument that relies on the well known speed of light to measure
the time it takes for an electromagnetic wave to travel from the transmitting antenna,
to a target, and back to the receive antenna. Radars come in many forms depending
on the desired measurement. All radars, however are governed by the radar range

equation,

2
P e (2.1)
which determines the received powe®?, from a target with radar cross section,
that is at distance, R from the transmit and receive antennas. The variable?; is the
power transmitted by an antenna with gain ofG;, and received by antenna with gain,

G,. This equation is critical in system design as it takes account of system design pa-



rameters as well as physical parameters of the target. This can be useful to determine

the kind of antenna and transmit power required to meet system speci cations.

2.1.1 Pulsed Radar vs FMCW

Fundamentally, there are two types of radars in use today. One, an FMCW
(Frequency Modulated Continuous Wave) and the other, a pulsed system. An impor-
tant distinction should be made between pulsed and continuously transmitting radar
systems. An FMCW radar is simultaneously transmitting and receiving while in op-
eration. The simultaneous transmit and receive operations create a self-interference
e ect as the transmitted power is coupled to the receive antenna. This limits the
transmit power in order to avoid the receiver being forced into a non-linear operat-
ing region. However, it does o er a 100% duty cycle allowing for the relatively low
transmit power to produce high quality measurements. The FMCW radar also has a
relatively simple construction, making it an attractive option for mant instruments.

In contrast, a pulsed radar transmits a short pulse (order of microseconds)
limiting its duty cycle and requiring much higher transmit power for equivalent energy
to reach the target. In the case of the system presented in this work, the duty cycle
is often on order of 1%. Pulsed radar su ers from similar self-interference while
transmitting, however as this is only a short duration the system can be con gured
such that this interference e ect does not corrupt the desired measurement data.
From (2.1) it can be determined that the pulsed radar bene ts from its high transmit
power, allowing it to measure targets at a greater range. In terms of a SAR system

this allows for a wider swath, increasing the area measured in a single pass.

2.1.2 Pulsed Radar Range Compression
Radars utilize time to measure distance. However, even if time could be mea-

sured with in nite precision, the radar would measure a targets range with a nite



spatial resolution dependent on the radar's design parameters. The radar's range
resolution is found as,
c
Ry = —; 2.2
‘2B’ (2.2)
where c is the speed of light, andB is the bandwidth of the transmitted wave-
form. This describes the improvement in range resolution as the pulses bandwidth

is increased. In pulsed radar, a common transmit waveform is a linear frequency

modulated (FM) pulse, or chirp of the form

s(t) = rect L expfj Kt 2g; (2.3)
p

wheret is the time in the range dimension, ; is the pulse length,rect(t= ,) de nes

the chirp envelope, anK is the linear FM rate de ned as

B .
X
Transmitting a linear FM chirp allows implementation of a matched lter

K = (2.4)
to perform pulse compression in the range dimension. The matched lter transfer
function is designed as the complex conjugate of Equation 2.3. Once the matched

Iter is applied, the compressed output is of the form

Sc(t)  psinc(K p(t  to)); (2.5)
where thesinc function if de ned as sin(x)=x and to represents the time o set created
by the transmitted pulse traveling to a target, and back. The dependence on the chirp
rate, K shows the inverse relationship between the width of the output sinc function
and the transmitted bandwidth. The half-power width of the output sinc function
should be equal to the radar range resolution.
Implementing pulse compression also provides an increase in the received signal

to noise ratio (SNR). The SNR experiences compression gain equivalent to the time-



bandwidth ( ,B) of the transmitted pulse. By adding noise to (2.1) the SNR can be

found as,

P.G,G, 2 _ PGG, 2

SNR = TB =
(4 3)R4kTsysB|— sys (4 3) R4kTsysl—sys

T; (2.6)

from [8] wherek is Boltzmann's Constant, Tsys is the system temperature, and_ sy

is the total system loss. Equation 2.6 shows that it is bene cial to increase both
pulse length and bandwidth to improve SNR and simultaneously create a ner range
resolution. The lossesl s s here are associated with the system noise gure which is

discussed further in Chapter 3.

2.2 Synthetic Aperture Radar

Synthetic aperture radar is a form of side looking airborne radar (SLAR).
SLAR adds a second dimension to the radar measurements by moving the radar plat-
form relative to the target. The two dimensions become the along-track, or azimuth
dimension, and the cross-track, or range dimension. SAR takes advantage of the plat-
form motion to synthesize an antenna aperture which is far larger than the physical
aperture of the instrument's antenna. Azimuth processing techniques allow SAR to
produce measurements with a ne, and constant spatial resolution. A diagram of
a side-looking SAR is shown in Figure 2.1. As the platform moves along the ight
track, samples of each pulse in the cross-track dimension are collected.

Processing of SAR data in the range dimension remains the same compared
to that of real aperture radar, and the pulse compression described in the previous
section is the rst step in any further SAR processing. The added azimuth dimension
allows for another matched Iter to be applied, focusing the received energy of a
target to a narrow point in space.

The size of the synthesized aperture is dependent on the beamwidth of the

physical radar antenna and the range to the observed target as



Figure 2.1. Standard SAR geometry

Lp = 3dB R (27)

whereL,, is the length of the synthesized aperture. At larger distances, longer syn-
thetic apertures may be constructed, allowing for a constant azimuth resolution to

be maintained. The azimuth resolution is approximated by

az L,=2 (2.8)

where L, is the physical antenna dimension, more details on achieving this

resolution are found in the following sections..

2.2.1 SAR in the Azimuth Dimension
As the platform moves in the along track dimension, the distance to each target

changes as a function of the reference range and the velocity of the platform as



V22

R() Ro+ ZP—F\’O; (2.9)

wherev, is the platform velocity, Ry is the reference range, and is azimuth time
(or slow time) referenced to = 0 being the point of closest approach to the target.

The changing range can be related to the signal phase by the wavenumbemvhere

k =2 = . The rate of change of phase versus time becomes
a0 2% 210
d Ro’ '

The exponentially changing phase versus time manifests as a linear frequency
modulation versus time, or Doppler shift in the azimuth dimension. The Doppler shift
is observed as positive for targets approaching the platform, and negative for those
receding, as shown in Figure 2.2. The exponential phase term must be corrected by

the azimuth matched Iter to achieve a compressed output.

Figure 2.2. Doppler shift in SAR



To maximize output of the matched lter the target's variation in range must
also be corrected. The changing range causes the energy received from a target to
be spread over multiple range cells such that the corrected phase does not coincide
with the maximum energy in the target. The range correction is known as range cell
migration correction (RCMC) and is discussed in further detail in Section 2.2.2.3.

From Equations 2.9 and 2.10, the Doppler shift at all points in space may be
known, and therefore may be corrected. In the two dimensional time domain, this
is ine cient, and so we move to the range-time azimuth-frequency, or range-Doppler

domain.

2.2.2 Overview of Range-Doppler Algorithm

The range-Doppler algorithm was rst used for SEASAT-SAR, and produced
its rst digitally processed image in 1978 [3]. The algorithm is designed for e cient
processing of both range and azimuth dimensions in the frequency domain. The
algorithm maintains simplicity by applying focusing operations in each dimension,
nearly independent of the other. The ability to process data in the frequency domain
allows the algorithm to be e cient in time, and computational complexity. Figure
2.3 describes the work ow of the algorithm, where green sections are computed in
the range-time and azimuth-time domains ¢ ), and blue sections correspond to the
range-time azimuth-frequency (f ), or range-Doppler domain.

Once raw radar data is imported, the rst operation is range compression.
The range compression as described in Section 2.1.2 is presented in the time domain.
However, in practice it becomes more computationally e cient to implement in the
frequency domain. A key aspect to this algorithm, is that after completion of the
range compression the data is converted back to the range-time and azimuth-time

domain.

10



Figure 2.3. Range-Doppler Algorithm Block Diagram

2.2.2.1 Azimuth Resampling

At this point, motion compensation may be applied to remove errors due
to platform variations. This algorithm relies on Fast Fourier Transforms (FFT) to
convert data from the two dimensional time to the range-Doppler domain and vice
versa. To accurately compute an FFT, equally spaced samples in time are required.

A non-constant ight track, and along track velocity variations cause the az-
imuth samples to be unequally spaced, creating inaccuracies in the azimuth FFT.
To correct these, motion data from the system's inertial measurement unit (IMU)
are used. The platform velocity versus along track location may be found and is
combined with the system's pulse repetition frequency (PRF) to describe the space

between azimuth samples.

11



To nd along track velocity, the true ight trajectory is projected onto a ight
track represented by a straight line. This straight line can then be used to nd
the along track component of the velocity vector. The desired along-track velocity
is de ned at this step, and used to resample each point as a function of the along
track distance. The output of this interpolation step is equally spaced samples in the

azimuth dimension.

2.2.2.2 Azimuth Fourier Transform

With equally spaced azimuth samples, the azimuth FFT is computed. As
previously described, the observed azimuth frequency is due to exponentially changing
phase versus frequency, producing a linear frequency ramp as a function of azimuth-
time. If an isotropic antenna were used for transmit and receive over distributed
targets, the observed Doppler frequency would be uniform for all frequencies. In
practice, an antenna with narrow azimuth beamwidth is used, serving as a magnitude
window over the observed Doppler frequency spectrum.

The physical antenna dimensions determine the observed Doppler bandwidth

as

2 Vo rc)

(2.11)

where . is the squint angle of the antenna, de ned as an angle o set from the zero-
Doppler direction, perpendicular to the platform velocity. The Doppler bandwidth

is related to (2.10) and limited by the physical antenna. Smaller antennas allow for
larger dwell times and therefore larger Doppler bandwidths, improving the azimuth

resolution as in (2.8).

2.2.2.3 Range Cell Migration Correction
Applying range cell migration correction in the range-Doppler domain is the

de ning feature of the algorithm. Entering the range-Doppler domain allows for the

12



two dimensional time measurements to be decoupled. Then corrections to the fast-
time (range) signal as a function of slow-time (azimuth) can be made with accuracy
for all targets simultaneously.

Using (2.9) and (2.10) the range envelope of a target can be represented as a

function of frequency, and written as

ZROf 2 .
8va

R(f )= Ro+ (2.12)

wheref is the azimuth frequency, and is typically limited by the Doppler bandwidth.
This equation is written as a function of a reference range (a point at mid-swath), but
can be more accurately considered if it is allowed to vary with the cross-track range.
The second term in this equation describes the amount of range correction that must
be added for each point as a function of the observed azimuth frequency.

The amount of range correction required is on similar spatial order as the
spacing between range samples in the recorded radar data, and therefore an additional
interpolation step is used in the range dimension. Correcting the range cell migration
forces the received energy from each target to appear at a constant range, the range of
closest approach. Without this step, the energy from each point in range contaminates

the azimuth frequency for targets at neighboring ranges.

2.2.2.4 Doppler Estimation

The peak in the magnitude of the Doppler spectrum is known as theoppler
centroid. The observed Doppler centroid can be found as a function of the antenna
squint angle as

= 2 VoSIn( o).

fe (2.13)

For ideal platform motion, and no antenna squint, the Doppler centroid is centered at

zero Doppler shift. For airborne platforms, the attitude is variable across a ightline,

13



creating a bias in the squint angle. This bias moves the Doppler centroid as a function
of cross-track range. As. is a function of platform yaw, pitch, and roll [9], the look
vector does not point to a constant Doppler frequency for all range values.

After RCMC has been completed, and the energy of each target is focused to
the correct range value, the Doppler centroid of each range value is estimated from
measured radar data. To design an accurate matched Iter, the Doppler centroid

must be found for every range sample.

2.2.2.5 Azimuth Matched Filter

Everything described through this section thus far leads to the azimuth matched
lter. The matched Iter is designed to correct the phase centered on the Doppler
centroid for all values of range. Creating a constant phase in the frequency domain
ensures a well focused output in the range-time azimuth-time domain.

The azimuth matched lter is found as

( )

I e S

(2.14)

which is the complex conjugate of the observed phase, found by converting the second
term in (2.12) from range to phase. This works well for data with zero squint, however
as the squint angle of the antenna increases, it is useful to focus data o of the zero
Doppler point. Taking account of the Doppler centroids, the azimuth matched lIter

can be rewritten as

(f fc)ZRO)

Haz (f ) = Wy(f fe) exp 2
p

(2.15)

whereW,(f  f ) is a magnitude window in the azimuth dimension having a band-
width found using (2.11), it should also be noted that for a more accurate matched
Iter, the function should be allowed to vary in range. As previously stated, the fre-

guency at which the Doppler centroid occurs is non-constant as a function of range.
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This must be taken into consideration when designing the azimuth matched lter.

The matched Iter is applied as a phase correction in the range-Doppler domain.

2.2.2.6 Inverse Fourier Transform

Once the azimuth matched lIter is applied, the nal step is an Inverse Fast
Fourier Transform (IFFT) to convert data back into the range-time azimuth-time
dimensions. At this point the image has been compressed in both azimuth and range.

The two dimensional time representation becomes

f oRo

4 .
Sac(; )= Aopr( 2Ro=Qpa( ) exp ] exp j2f ¢ (2.16)
where p, is the amplitude of the sinc-like function in the azimuth dimension, similar
the sinc-like range envelopep, found in (2.5). The target is positioned at = 2Rp=c
and = 0, the point of closest approach, and has thus been compressed in both

azimuth and range dimensions.

2.3 Conclusion

This chapter provides an overview of theory applied through this work. Radar
theory is rst covered, and a few system architectures are reviewed. SAR is then
covered, and its di erencees compared to real aperture radar are highlighted. Finally
an overview of the range-Doppler algorithm used to obtain results in this work is
reviewed. This chapter is not intended to be comprehensive in nature, but rather,
when accompanied with the works cited throughout this chapter should serve as a

baseline of principles applied in the following sections.
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CHAPTER 3
C-BAND TRANSCEIVER

The C-band (5.39 GHz) transceiver is developed in parallel with a two-frequency
Ku-band SAR (13.64 and 17.24 GHz). Some aspects of the C-band system are chosen
to complement choices made in the Ku-band system. Other aspects, like the center
frequency at 5.39 GHz, are chosen to align well with those of existing systems such as
Sentinel-1 and the RADARSAT Constellation Mission (RCM). The center frequency
and bandwidth are comparable to these existing systems, allowing for comparisons
to be made from this airborne instrument to the spaceborne instruments which have

been well tested and validated through extensive ground measurement campaigns.

3.1 System Overview

The transceiver is implemented in a superheterodyne architecture, requiring
two frequency conversions. One from baseband to an intermediate frequency (IF) and
a second from IF to the radio frequency (RF). This architecture allows for e cient
Itering of local oscillators (LO) and image frequencies as well as more e cient gain
staging.

The goal of the C-band system is to use an asymmetrical frequency plan on up-
and down- conversion. This allows for one transmit chirp to be generated and split
between both the C- and Ku-band systems. On the receive side, the three radars
should down convert to di erent baseband frequencies, as in Figure 3.1 such that
they can be recorded on a single channel of the software de ned radio (SDR) without

interfering. The planned baseband frequency scheme expects the C-band system to
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Parameter Speci cation
Center Frequency 5.39 GHz
Bandwidth 80 MHz
Transmit Power 120 W
Polarization VV and VH
Synthetic Aperture Length 160 m
Swath Width 5.1 km
Range Resolution 1.8 m
Azimuth Resolution 0.5m

Table 3.1. C-band System Parameters

fall from 10-90 MHz, however limitations of the current SDR daughterboard do not
allow this. Design considerations are made to allow for this to be implemented with
little e ort in the future as the data acquisition system matures. This section will

focus on the implementation used to collect data in this work, however, the frequency

plan and suggested hardware modi cations are reviewed.

Figure 3.1. Planned C-Band Down Converter Frequency Plan

3.1.1 Transmitter Design

The radar is a pulsed system that transmits a linear FM signal (chirp) from
5.35 - 5.43 GHz. Itis a pulsed radar with a low duty cycle, therefore, a high transmit
power is required. The transmit chirp is generated by an Ettus X410 software de ned
radio and covers the frequency band from 100 - 180 MHz. This signal is split between

the C- and Ku-band transmitters, and is injected into each system at a power level
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of -7 dBm. Each transceiver then uses a di erent LO scheme to convert the chirp to

their desired RF band.

Figure 3.2. C-Band Up Converter Frequency Plan

In both C- and Ku- systems the rst LO is chosen to be 1.94 GHz; this choice
is made to provide some redundancy between systems for the event that one LO is
compromised during a eld deployment. This is also chosen to meet a speci cation
set out by Capella Space who is designing an SDR to sample at the system's IF.
In the C-band system, after the rst up-conversion stage, a lowpass lIter is used to
select the lower sideband (1.76 { 1.84 GHz) and attenuate the leakage from the 1.94
GHz LO before being ampli ed. The signal is ampli ed at IF using a Mini-Circuits

ZFL-2000+ to recover some conversion loss from the rst mixing and Itering stage.

Figure 3.3. C-Band Up Converter Block Diagram

The signal is then mixed with a second LO at 7.19 GHz which is again Itered

to choose the lower sideband which lies at the C-band RF from 5.35 - 5.43 GHz. The
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RF is amplied by the ZHL-5W-63X-S+ pre-amp to 34 dBm, nally it is split six

ways and uses six high power ampli ers (HPA) in parallel. Each of the HPA's can
transmit up to 35 W (45 dBm), and is used to feed a portion of the patch antenna
array. The choice to operate the ampli ers lower than their maximum output power
is to limit transmission of third order products as they lie near 5 GHz Wi-Fi bands

allocated by the FCC.

Figure 3.4. C-band Transmit Hardware

An image of the C-band transmitter is shown in Figure 3.4. In this image, the
baseband signals are input from the top, and RF signals are output through the SMA
connectors at bottom. The large PCB in the center is used mainly for distribution of
DC power and control signals that are required for the high power ampli ers. Beneath
this PCB is an isolator, to protect the RF pre-amp, and a six-way splitter to feed the
high power ampli ers. In Chapter 5, several con gurations of the radar are described

to obtain various levels of results. When re-con guring this transmitter, care must
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be taken to understand the input power of the high power ampli ers. Omitting the
splitter, or splitting the signal from the pre amp by fewer than six ways may cause

permanent damage to the high power ampli ers.

3.1.1.1 High Power Ampli ers

On transmit, the system is designed to use six ADPA1107's from Analog De-
vices. Each ampli er feeds a portion of the full antenna array, then spatial power
combining is used to create a narrower beam and combine the power of all HPA's
in space. Spatial power combining is used in the C-band system for several reasons;
most notably is the ability to meet the output power speci cation at a much lower
cost. C-band power ampli ers that transmit 120 W are di cult to source as well
as extremely expensive, it becomes more cost e ective to purchase six lower power
ampli ers to operate in parallel rather than a single 120 W HPA. Spatial power com-
bining also allows for improved antenna design, which will be discussed in more detail
in Chapter 4.

The ADPA1107 must be operated in a pulsed mode to mitigate risk of thermal
damage. This is done by pulsing the gate or drain voltage. To simplify implementation
of the HPA's, an ADPA1107 evaluation board is used. The evaluation boards are
shipped with a daughter-board that is connected to the ampli er to pulse the drain
voltage. The daughter-boards have three BNC inputs; drain voltage, gate voltage,
and a trigger signal, which is bulky and requires many BNC cables to feed all six
ampli ers. In order to mitigate this problem, the daughter-boards are redesigned to
occupy less space, and have simpler, and more robust operation. Figure 3.5 shows a
comparison of the Analog Devices board to the redesigned version of the PCB, the
green board on the left is provided by Analog Devices, and the purple board on the

right is the redesigned version.
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Figure 3.5. Drain Pulser Board Comparison

The three BNC connections are consolidated to a single Molex connector to supply the
28 V drain, -2.7 V gate, and 0 { 3.3 V trigger signal. A stable, negative gate voltage
is di cult to achieve using standard DC-DC converters, and thus it is chosen to use a
9 V battery to power the gate. To achieve the negative voltage from the positive, DC
aircraft power, a switching regulator is required. The ground of the battery is then
isolated to provide a negative voltage, and an adjustable voltage regulator is used to
tune the gate to the proper value. Using the voltage regulator also allows for some
voltage drop on the battery to occur without compromising the gate voltage of the
ampli ers.

Although the battery is not a perfect, long-term solution, it is su cient as
the gates draw very low current meaning that the battery will last for a considerable
amount of time. The other option would be a switching DC-DC converter to create
a negative reference from the positive DC aircraft power. Switching noise of the
regulators that were tested for this application was too high, and would risk damage

to the ampli ers.
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With the redesigned drain pulser boards in combination with the power dis-
tribution board, it becomes an easy task to add or subtract HPA's depending on the

size or power requirements of the platform.

3.1.2 Receiver Design

In the receiver, the sub-arrays feed a six-way power combiner; the summed
signal is then lItered, and ampli ed. At the RF, two low noise ampli ers (LNA) in
series are used to manage the system noise gure. The LNA's used are ZX60-83LN12+

from Mini-Circuits, with a noise gure of 1.5 dB and 21 dB of gain.

Figure 3.6. C-Band Down Converter Block Diagram

After the LNA's the RF signal is Itered to remove the high frequency images that
are contaminated by noise and radio frequency interference (RFI). This is then mixed
down using the same 7.19 GHz upper LO as the up-converter. The lower sideband is
chosen with a lowpass Iter, and the IF again falls at 1.76 - 1.84 GHz.

After mixing to IF, an ampli er stage (ZFL-2000+) with 20 dB of gain is used.
As previously mentioned, the nal design of this system requires an asymmetrical
frequency plan. To achieve this, the second LO should be changed to 1.75 GHz to
provide a baseband signal from 10 { 90 MHz. This allows the low frequency Ku-band
system to down convert to 100 { 180 MHz, and the high frequency Ku-band system
to down convert to 220 { 300 MHz. All three systems may be stacked in frequency

as seen in Figure 3.1, then digitally Itered in post processing. Due to the SDR
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limitations, the current con guration reuses the 1.94 GHz LO from the up-converter

and has a baseband at 100 { 180 MHz as shown in Figure 3.7.

Figure 3.7. Implemented C-Band Down Converter Frequency Plan

In either case, it becomes increasingly important to use a lowpass lter to select the IF
band and reject the noise that has been ampli ed in the image bands. If the noise from
image bands is not ltered out before the mixing stage, then they are added to the
desired baseband signal, and may not be removed through post processing techniques.
Figure 3.7 shows the frequency plan that is implemented for the measurements, and
for the results found later in this thesis. This gure also describes image frequencies
of interest and how they would add noise into the desired band if not ltered rst.
Several IF components are shared between the up- and down-converters, they include
the ZFL-2000+ ampli er and the ZEM-4300+ mixer.

The receiver has four identical channels which allow for interferometry. Two
of the four receive channels are fed by vertically polarized antennas, and two by
horizontally polarized antennas. The receiver has a PCB used for power distribution,
similar to the transmitter. For added protection of components, a set of fuses for
each system reference voltage are used.

The C-band receiver has three ampli er stages, each with roughly 20 dB of
gain. This is useful when the system is deployed independently of the Ku-band
system, however problems may arise when attempting to combine them using the

stacked frequency plan from Figure 3.1. When the systems are combined, it should
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Figure 3.8. C-band Receive Hardware

be veri ed that each has relatively similar levels of output power in order to properly
calibrate the combined receive signal. If one system has far greater output power,
then its data will dominate the ADC of the software de ned radio, and make the
other system look like noise. Care should also be taken to use high order lters to

prevent interference between C- and Ku-band measurements.

3.2 Hardware Evaluation

Once the transceiver has been designed and built, measurements must be made
to ensure the hardware operates as desired. Between the transmitter and receiver
there are a few di erent key metrics to keep in mind. Main concerns on each pertain
to the amount of gain and the shape of the passband. In the receiver it is particularly
important to understand gain di erences between channels to aid in calibration during

post-processing.
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The chirp generated from the SDR is designed to have a at amplitude envelope
as the model in (2.3), and ideally the transceiver would not alter this envelope. In
reality, the transceiver passband does shape the amplitude envelope. This is not
detrimental to the system performance as long as it is well understood. Knowing the
system passband allows for an accurate matched lter to be designed. If it is assumed
that the RF hardware preserves the at envelope, and the matched lter is designed
with this in mind, then the output of the range compression stage in processing will

be imperfect.

3.2.1 Transmitter Evaluation

On the transmit side, one of the most important metrics is the total output
power. If the output power does not match what is desired, then the analysis to de-
velop system requirements becomes invalid. For example, if the transmitter produces
3 dB less power, then the receiver must be made far more sensitive to compensate for
this loss.

For this transmitter, the phase of all paths after the splitter is also important
in ensuring e cient spatial power combining. The components to consider here are

the high power ampli ers and transmission lines feeding each HPA and antenna.

3.2.1.1 Gain Flatness and Output Power

As described, the transmitter passband provides necessary knowledge about
the shape of the transfer function that should be used for the matched lter. This
section is meant to characterize the gain and power performance to provide an un-
derstanding of this. The measurement for gain is broken into two parts, one measure-
ment omits the high power ampli ers. This is done because all components before
the HPA's may be operated continuously, allowing for an accurate sweep of desired

frequencies to be made.
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Figure 3.9. Transmitter gain before power split

This measurement is made by supplying a -7 dBm frequency sweep from 100 -
180 MHz at the input of the transmitter, and the measurement is made at the output
of the pre-ampli er. The average gain across the RF-band is 44.3 dB, providing 35
dBm of power before the power splitter. There is a 4 dB deviation across the band,
with the high-end gain at 46 dB and the low end near 42 dB. The taper is caused by
the lowpass lter at IF, to reduce this taper, while maintaining adequate LO rejection
a higher order lter is needed at IF.

This level of output power must be split before it is input to the high power
ampli er otherwise there will be permanent damage. Using the 35 dBm input to the
power splitter, each HPA is veri ed to produce 20 W at 5.39 GHz. As previously men-
tioned, care should be taken when recon guring the transmitter for various platforms

as 35 dBm will damage the HPA.

3.2.1.2 HPA Phase
An important speci cation to consider when implementing spatial power com-

bining is the phase through all paths between the power split and the antennas. This
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is mostly straightforward, requiring cables of the same length on all paths. However,
there is not much control over theS,; phase di erence between each ampli er. As
the ampli ers have to operate in a pulsed mode, this measurement is non-trivial to
make using a network analyzer. Instead, Figure 3.10 shows a method for estimating

the phase.

Figure 3.10. Power Ampli er Phase Estimation

This method uses a signal analyzer and its max hold function to measure the magni-
tude of the pulsed RF signal. The measurement must rst be calibrated by measuring
the gain of each ampli er individually, and measuring the losses through the system
of splitter, combiner, and extra cables. Use the same input power as the single am-
pli er, then connect both DUTs as shown in Figure 3.10, and for ampli ers that are

in phase, the same amount of power is be measured in this con guration as the single
ampli er con guration. Any phase o set between the ampli ers will result in a loss

in power.

3.2.2 Receiver Evaluation

The receiver for this system is designed to have four identical receive channels.
The purpose of having multiple receive channels is to provide the ability to perform
comparisons in both magnitude and phase of di erent observation geometries. Given
that the goal for the channels is to be compared, the di erences between them must

be well characterized. A few simple metrics such as gain and noise gure provide a
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good basis for comparison between the data collected for each channel. If all receive
channels are identical, then it can be certain that the variations between receive
channels is strictly due to the scattering characteristics of the target. As this is not
true, the di erences must be well understood such that they can be compensated for

in calibration.

3.2.2.1 Receiver Gain

The gain of each down-conversion channel will directly a ect the output mea-
surements. There is a single, shared transmitter and transmit antenna, therefore this
is a constant across all four receive channel measurements. If identical scattering is
observed by all four receive channels, they should produce identical measurements
at baseband. However, if one channel has greater gain, the returns from the target
will appear brighter. Understanding the gain di erences allows for the end user to

calibrate their data product to get true values of scattering from each target.

Figure 3.11. Receiver gain across passband

The measurements in Figure 3.11 show the gain through the receiver on all

four channels. The measurement is made at baseband, with a signal applied at RF
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to the input of the LNA's. This measurement includes both frequency conversion
stages as well as their associated Iters. The measurements show good agreement,
averaging 53.7 dB of gain across all frequencies for all channels. The largest di erences
in peak gain occur between Channels 2 and 3, which measure 53.5 dB and 53.9 dB
respectively. There is a consistent taper of about 1 dB from the low- to high-end of

the passband across all four channels.

3.2.2.2 Receiver Noise Figure
The noise gure is a measure of how much noise is added to the signal by the
receiver hardware. The noise gure (NF) becomes a direct decrease in signal to noise

ratio (SNR) as,

SNRow = SNRin  NF; (3.1)

which describes the output SNR in terms of the input SNR and noise gure when all
measurements are made in a dB scale. This becomes problematic when attempting
to estimate the true thermal noise oor to calibrate measured results. A large noise
gure will in ate the thermal noise oor, and degrade SNR signi cantly.

Measurements of noise gure are shown in Figure 3.12. This measurement
includes the low noise ampli ers, both frequency conversions, and all associated lters.
The comparison between channels shows good agreement, with the average noise
gure being 2.7 dB across all channels and all frequencies. The worst performing
channel is Channel 2 with a noise gure of 3.0 dB, and the best is Channel 1 at 2.4
dB. Although there are slight deviations, these are likely due to component variation
rather than highlighting a more serious issue.

An important note in this measurement is that the six-way power combiner is
omitted. A good estimate of the a ects of the combiner can be found by cascading

the losses through the combiner with the measured noise gure. The power combiner
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