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Leveraging years of experi-
ence, the Advanced Radar 
Research Center (ARRC) at 
the University of Oklahoma 

(OU) is building the !rst-ever, mo-
bile polarimetric, all-digital phased 
array radar (PAR),1 as depicted in 
Figure 1. As technology has sig-
ni!cantly evolved over the last 10 to 
15 years, especially in the areas of 
analog-to-digital converters (ADC), 
digital-to-analog converters (DAC), 
high-power ampli!ers and !eld-pro-
grammable gate arrays (FPGA), the 
possibility of moving signi!cant por-
tions of a radar system closer to the 
aperture of a phased array antenna 
has become a reality. Figure 2 de-
picts the overarching architecture of 
the all-digital PAR system, wherein 
an independent digital receiver and 
digital transmitter exist for each hor-
izontal (H) and vertical (V) channel 
for each of our dual-pol elements.

RADAR EVOLUTION
Over the last 15 years, the ARRC 

has been engaged in the national 
Multifunction Phased Array Radar 
(MPAR) initiative, and subsequently 
the Spectrum Ef!cient National Sur-
veillance Radar (SENSR) Program, 
as initially coordinated by the Fed-
eral Aviation Administration (FAA), 

Department of Defense (DoD), 
Department of Homeland Security 
(DHS) and National Oceanic and At-
mospheric Administration (NOAA). 
Consequently, the ARRC is develop-
ing a scalable all-digital polarimetric 
S-Band phased array that addresses 
the requirements for weather and 
long-range aircraft scanning. The ar-
ray will also support other important 
modes of operation including MIMO 
and general communications.

Agile beam steering and mul-
tifunction capabilities now make 
phased arrays the best candidates 
for multi-mission radar systems, of-
fering ef!cient and cost-effective 
solutions. Advancements in GaAs, 
SiGe, CMOS and GaN technology 
provide reliable, highly integrated 
and affordable RF components that 
have enabled phased array anten-
nas to become a core technology 
for modern remote sensing and 
communication. High levels of in-
tegration and more ef!cient com-
ponents have allowed for phased 
array antenna architectures with 
multiple transceivers that can be 
used to increase functionality and 
performance at reduced cost, size 
and weight compared to their pre-
decessors that exclusively used 
analog beamformers: for instance, 

5G will certainly leverage phased 
array technology. Arrays with ana-
log beamforming are inherently 
constrained to the beamforming 
scheme imposed by the exact con-
!guration of front-end beamform-
ing electronics.

Presently, digital beamform-
ing (DBF) at the sub-array level is a 
common approach to increase the 
"exibility of phased array radars, as 
demonstrated by the 76-panel Ad-
vanced Technology Demonstrator 
(ATD) operated by NOAA’s National 
Severe Storms Laboratory (NSSL) 
and the University of Massachusetts’ 
(UMass) Raytheon Low-Power Radar 
(i.e., Skyler). Yet, the move towards 
element-level DBF architectures of-
fers unprecedented capabilities. 
Examples of such systems include; 
Australia’s CEA-FAR naval radar, the 
U.S. Navy’s FlexDAR radar,2 Israeli 
Elta’s MF-STAR, AFRL’s BEEMER 
(Baseband-digital at Every Element 
MIMO Experimental Radar) and 
Space Fence, to name a few. More-
over, digital at every element makes 
exquisite control of polarimetry a 
possibility, with single H, single V, si-
multaneous H&V for slant 45, LHC, 
RHC or arbitrary polarization states.  

Digital array technology is a na-
scent research endeavor; a thrust of 
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Combat Capabilities Development 
Command Army Research Labora-
tory’s (CCDC ARL) research is the 
development of robust techniques 
for array calibration. Operation in 
crowded and contested environ-
ments depends critically on protect-
ing radar operations and maintaining 
calibration in dynamic environments. 
Factory calibration is insuf!cient for 
digital arrays, and methods for ro-
bust in-situ calibration are needed 
that are also computationally ef!-
cient. In conjunction with partners 
including OU and CCDC ARL is 
developing mutual coupling-based 
calibration techniques to address 
this problem. CCDC ARL is conduct-
ing proof-of-concept experiments to 
quantify performance of initial algo-
rithms using an element-level digital 
array laboratory test asset. Moving 
forward, CCDC ARL will extend these 
techniques for wider bandwidth per-
formance and focus on scalability to 
large-format arrays, as well as suit-
ability for operational environments 
outside of the laboratory test bench.

FULLY DIGITAL ARCHITECTURE
Even though implementation of 

dual-polarization on PAR has prov-
en challenging, signi!cant progress 
has been made recently, as report-
ed by a community workshop of 
radar technologies sponsored by 
the National Science Foundation 
(NSF),5 such as MIT Lincoln Lab’s 
S-Band panels at the ATD,6 BCI/
LMCO’s S-Band prototype, NCAR’s 
C-Band airborne phased array ra-
dar system, UMass’ X-Band radar, 
and OU’s S-Band cylindrical polari-
metric phased array radar (CPPAR) 
demonstrator.7 In order to improve 
the temporal resolution on spotlight 
operation, the single-polarized X-
Band Atmospheric Imaging Radar 

i Fig. 1  Genesis of the ARRC’s mobile polarimetric all-digital phased array radar 
development.

i Fig. 2  An independent digital 
receiver and digital transmitter exist for 
each element.
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sec mechanical scanning in azimuth, allows the current 
AIR to collect 180 by 20 degree volumes in approxi-
mately nine seconds; hence, the world’s highest resolu-
tion observations of tornado genesis.8 A similar system 
with !oodlight operation is the X-Band PAR located at 
Osaka University.

These advanced imaging surveillance modes of op-
eration require digitization of multiple subarray chan-

(AIR) was developed by the ARRC several years ago, as 
shown in Figure 1. The AIR operates in a “!oodlight” 
mode, utilizing a 20-degree vertical fan beam on trans-
mit and 36 receiving arrays capable of "ne scale digital 
beamforming. In other words, a range height indicator 
(RHI) of radar measurements can be formed simultane-
ously, similar to taking a picture with an electromagnetic 
camera. This con"guration, combined with 20 degrees/

i Fig. 3  Three example radar modes that demonstrate the ef!cacy of an all-digital array.
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tions. Digitization at the element level opens the door to 
new processing and beamforming schemes and delivers 
maximum ! exibility with unprecedented dynamic range 
in large systems. For instance, given M elements and 
uncorrelated noise at each element, the signal-to-noise 
ratio of the system is increased by 10log(M). However, 
this comes with inherent technological risks and practical 
challenges associated with the amount of data to pro-
cess and the use of less sophisticated transceivers.

nels.  Increased levels of digitization also enable adap-
tive digital beamforming (ADBF), space-time adaptive 
processing (STAP) and even MIMO modes of operation. 
An ideal phased array architecture would feature digiti-
zation and control of both the transmitted and received 
signals at each antenna element, along with the ability 
to cover wide bandwidths. Because the element-level 
processing and subsequent beamforming are digital, it 
can be recon" gured and optimized for different applica-

i Fig. 4  Electronics and 8x8 dual polarized panel (left); Horus truck with an array of panels (middle); future application that employs 
a multitude of panels and leverages the scalable architecture (right).
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the bevy of mission requirements in 
a given timeline, so advanced beam-
forming ! exibility through digitiza-
tion is critical. Furthermore, addi-
tional missions over the lifetime of 
a digital PAR could be implemented 
with software upgrades, rather than 
costly hardware retro" ts, resulting 
in signi" cant operation and mainte-
nance cost savings. The next section 
provides an overview of the develop-
ment of an S-Band, dual-polarization 
PAR that is being designed and built 
at the ARRC that will achieve these 
goals. This system, which we call 
Horus, has a digital transceiver per 
polarization, per element and will be 
a valuable research tool in evaluating 
the bene" ts and challenges to such 
an approach.

DESIGN CONCEPTS OF THE 
“HORUS” RADAR

A mobile, S-Band, dual-polarized 
phased array system is currently 
under development by the ARRC. 
It has a fully digital architecture, 
and this system will consist of 1024 
dual-polarized elements divided 
into 25 8#8 panels (16 are popu-
lated with electronics) as shown in 
Figure 4. Each panel houses eight 
“OctoBlades” wherein virtually all 
radar electronics reside. Each Oc-
toBlade, which drives an eight-el-
ement column of the panel’s high 
performance antenna array with 
nearly ideal polarization along the 
principal planes through careful 
design, consists of a metal cool-
ing plate (heat transport duct) with 
PCBs on each side to house a total 
of 16 GaN-based frontends (>10 
W per element, per polarization), 
eight dual-channel digital transceiv-
ers from analog devices, four front-
end FPGAs for processing and two 
FPGAs for control. Antenna sub-sys-
tems and their associated electron-
ics can be organized in one of three 
primary architectures: conformal 
tile assembly, panel assembly (with 
slide-out OctoBlades) or separate 
structures that are separated by ca-
bles (see Figure 4). This design with 
slide-out OctoBlades provides the 
least maintenance costs since these 
electronic assemblies are easily hot-
swappable. This convenient feature 
is ideal for ground-based systems 
that require service lives of several 
decades.

er samples. Since adaptive spatial " l-
tering can be achieved via a phased 
array,4 this greatly demonstrates the 
use of a phased array over a typical 
parabolic dish antenna. Finally, the 
right panel of Figure 3 depicts how 
our mobile demonstrator will lever-
age the team’s imaging expertise so 
that rapid volume scanning may be 
achieved.8

For any future multi-mission ra-
dar, multiple interleaved functions 
are practically the only way to satisfy 

Figure 3 shows three example 
modes of our all-digital PAR system. 
The left panel of Figure 3 depicts 
several typical high sensitivity beams 
and several low priority beams, 
which are needed for continuously 
dwelling in an area to glean impor-
tant information. The middle panel 
of Figure 3 depicts a space time 
multiplexing paradigm whereby sets 
of independent samples can be col-
lected from a surveillance area; this 
allows data to be collected with few-
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partial beamforming, and data rout-
ing topology (i.e., hierarchal, etc.). 
Balancing these issues will allow for 
array sizes to be conveniently scaled 
to meet a wide range of missions.

For normal radar operation of 
Horus, digital beamforming will be 
accomplished over a RapidIO net-
work feeding the back of the pan-
els. This will enable beam-band-
width products for a notional multi-
function PAR system (e.g., 200 MHz 
beams at suitable dynamic range). 
Hierarchical beamformers reduce 
the number of data streams at each 
level of the hierarchy, performing 
partial weighting and aggregation 
along the way. Systolic beamform-
ers are similar, but instead of ag-
gregating data in parallel at a given 
“stage,” data is sent serially down 
a link of nodes or even elements, 
with partial beam data being ag-
gregated along the way to produce 
outputs for subsequent processing 
stages. Virtually every digital array 
of moderate-to-large size known to 
the authors uses some form of hier-
archical/systolic processing to form 
digital front ends. Importantly, and 
unlike analog arrays, with hierarchi-
cal/systolic beamforming, the num-
ber of beams can be traded against 
the signal bandwidth in the digital 
domain, with a !xed overall “beam-
bandwidth” product remaining 
roughly constant at every point in 
the front-end processing chain.

For multi-tier hierarchies, the in-
terconnection costs scale with the 
logarithm of the number of ele-
ments M, while data and front-end 
processing scale roughly linearly 
with M. Both scale with the over-
all system bandwidth. These types 
of considerations guide the design 
of any front-end DBF architecture 
within the overall trade space of 
calibration, beamforming, and ad-
aptation. Finally, RapidIO supports 
arbitrary network architectures, like 
folded-Torus, that can reduce laten-
cy and improve reliability, and these 
will be explored in the future.

Figure 5 shows the laboratory 
measurements for the mobile dem-
onstrator.9 This fully digital active 
and dual-polarized phased array an-
tenna was designed for full control 
of transmitted and returned signals 
of each antenna element. The an-
tenna design for the ARRC’s project 

center area of the mesh. The solu-
tion for such a situation is to add 
routers in the mesh or to use torus 
topology which, with the symme-
try introduced on the routers in the 
opposite edges, tends to mitigate 
unwanted congestion with a small 
increase of resources. Many open 
issues remain, and we believe that 
the three primary issues are: data 
transport mechanism (i.e., RapidIO, 
Gigabit Ethernet, etc.), degree of 

In general, the performance of 
large arrays depends on their digi-
tal interconnection structure on the 
backside of the array. Traditional and 
hierarchical topologies are currently 
in use, and their characteristics such 
as scalability, "exibility, high band-
width, etc. are limited. For instance, 
some use a mesh topology. With 
a mesh topology, central channels 
are signi!cantly burdened. This of-
ten leads to the congestion of the 
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weather mission presents more challenging polarimet-
ric requirements, in terms of target identi! cation, than 
those for aircraft surveillance missions. Dual-polarized 

was focused on achieving the same or improved per-
formance compared to WSR-88D parabolic antennas. 
These design speci! cations are critical, given that the 

i Fig. 5  Experimental set-up and various parameter measurements.
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for scanning range at the azimuth 
and elevation planes, respectively. 
Consequently, a new stacked cross 
microstrip patch radiator with elec-
tromagnetic coupling was devel-
oped for Horus,9 and an 8!8 panel 
of these are depicted on the left 
side of Figure 5. The radiators and 
the feeding network were sepa-
rated into two different assemblies 
to prevent them from bending after 
fabrication. The radiator assembly 
consists of two conducting layers 
and a radome of RT/Duroid 5880LZ 
bonded with RO4450F.

Modern day and next-generation 
radars are challenged to operate 
in complex, dynamic environments 
as demand for precious spectrum 
continues to grow. For instance, the 
desire for resilient systems that can 
adapt to and counter new sources 
of interference across the spectrum 
is a common theme that crosscuts 
the Army’s modernization strategy.  
Consequently, in order to mitigate 
interference, the integration of min-
iaturized " lters, both static and fre-
quency recon" gurable, into the an-
tenna panels is being investigated 
in parallel with the antenna devel-
opment. These " lters are based on 
capacitively-loaded, substrate-inte-
grated waveguide (SIW) resonators 
that are completely integrated into 
the feeding network assembly. The 
static " lters provide added out-of-
band rejection, and the recon" gu-
rable " lters can be used to achieve 
in-band interference rejection.10

PROJECT STATUS AND FUTURE 
R&D PLANS

This article provides a summary 
on a project that will provide solu-
tions to modern-day radar challeng-
es by delivering the full # exibility of 
digital at every element (i.e., digital 
Tx and Rx for both H and V on every 
element). The list below provides a 
concise summary of possibilities for 
demonstrations with the Horus sys-
tem:
• Advanced aperture and wave-

form agility, performing many 
different tasks/objectives simul-
taneously;

• MIMO radar—multiple transmit 
and receive antennas;

• Spectrally agile active phased ar-
rays;

• Advanced DBF for a higher an-

factors included: edge diffraction 
suppression; bandwidth in excess of 
10 percent with a central frequency 
of 2.8 GHz; port-to-port isolation in 
the element on the order of $50 dB; 
cross polarization levels below $45 
dB and co-polar mismatch below 
0.1 dB at ±60° and ±10° for scan-
ning range at the azimuth and el-
evation planes, respectively. After 
careful calibration; an active re# ec-
tion coef" cient of at least $10 dB 
at ±60° and ±10° can be achieved 

radars require both low cross-polar-
ization levels (better than $40 dB) 
and well-matched patterns (lower 
than 0.1 dB) to successfully deter-
mine the polarimetric variables of 
the scanned atmosphere sector.  

In general, when the cross-po-
larization levels of the antenna in-
crease, all the biases in the polari-
metric variables are increased. Mul-
tiple factors in the antenna element 
were investigated during the design 
process of the 8!8 array, and these 
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