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Abstract—We present a robust solution to the problem of
predicting and evaluating the performance of fieldd tactical
radios. The MITRE Tactical Channel Emulation System(TCES)
enables the evaluation of networked radios in a lavatory
environment using digital baseband emulation of Ripropagation
conditions. The digital emulation approach offers ignificant
advantages (e.g., cost, logistics, repeatabilitytcd over field
testing. Furthermore, digital emulation is preferalde to a purely
software-based simulation approach in that it offes a high
degree of accuracy and precision in radio behavioland can
operate in real time. This approach also offers immvements in
fidelity and scale over existing analog-based radiotesting
systems. A scenario encompassing multiple radiosahare either
stationary or are placed on some arbitrary combinabn of
mobile platforms in a chosen geographical area cahe readily
constructed using an appropriate front-end modelingtool. The
propagation information (e.g., time-varying and pogion-
dependent path loss and carrier phase rotation) isxtracted from
the front-end tool and is used to control a matrixof Field-
Programmable Gate Array (FPGA) based digital basebad
channels. Each radio transmitter output is capturedin real time,
converted to a digital baseband signal, and passettirough a
digital baseband channel. The signal for each radioeceiver is
comprised of a linear combination of these digitalbaseband
channel outputs. Each linear combination of channebutputs is
converted to an analog RF signal and forms the infsignal for a
given radio receiver. An initial 16 x 16 channel pototype of this
system has already been used successfully by a Dolstomer,
and we discuss extensions to the system, such ax32 and 64 x
64 channel configurations, along with enhancementsuch as
Doppler and multipath channels.

Keywords—Tactical radios, channel emulation, RF
propagation, Doppler, multipath, FPGA, modeling, nsulation,
MANET.

l. INTRODUCTION
The characterization of modern tactical radios &meir

scenarios associated with tactical radio wavefamag involve

up to 100 individual radio nodes [1, 2]. Performihgse tests
in a laboratory setting avoids the cost and logistiallenges of
field testing and also enables a level of repekiaktiat would

otherwise not be attainable. Further, a digitadhare-based
implementation provides real-time operation notaotgble

with a purely software-based system. Finally, altitovarious
existing commercial off-the-shelf (COTS) productsovide

limited combinations of the above-mentioned besgfidur

system is novel in that it eliminates the calilmatchallenges
and attenuation-only operation of purely analogesys while

incorporating high-fidelity channel models in a labée

architecture not present in existing digital system

Our system leverages the extensive capabilitienadern
RF propagation modeling tools such as AGI STK, Ramc
Wireless InSite, and custom DoD simulation envirents.
Using one of these front-end modeling tools, a aden
encompassing multiple radios that are either statip or are
placed on some arbitrary combination of mobilefplats in a
chosen geographical area can be readily construdied
propagation information (e.g., time-varying and ipos-
dependent path loss and carrier phase rotatiomxtiscted
from the front-end tool and is used to control arimaf Field-
Programmable Gate Array (FPGA) based digital bawtba
channels. Each radio transmitter output is captiredal time,
converted to a digital baseband signal, and pagsedgh a
digital baseband channel. The signal for each restieiver is
comprised of a linear combination of these dighiakeband
channel outputs. Each linear combination of chanogbuts is
converted to an analog RF signal and forms thetisignal for
a given radio receiver.

There are multiple challenges associated with
implementation of a digital real-time channel enmiaWhile
digital emulation of a single radio channel is igtn&orward
with today's FPGA technology, scaling this emulatio more
than a few nodes requires careful attention to ssshes as

associated waveforms and mobile ad-hoc networkingficient node-to-node routing, minimization of iéj path

(MANET) algorithms involves significant challengasterms
of the number of radios that must be tested simeatiasly and
the variety of RF propagation conditions that mumss
considered. The MITRE Tactical Channel Emulatiorst&m
(TCES) enables the evaluation of networked radiosai
laboratory environment using realistic digitally @ated
propagation conditions. The use of a laboratoryetadigital
emulation approach has multiple significant advgesa Test

delays, synchronization among multiple analog fiemds, and
real-time translation of front-end modeling tool tpmut
parameters to digital channel control values. Waeuwlis our

approaches to overcome these issues in the sulmseque

sections.
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A simplified block diagram of the TCES is showrFiigure P

1. As currently configured, the system will suppamy B —< 4 g — S
heterogeneous combination of radios depending om th )
required operating frequency and bandwidth. Altliouge g o= o soM Je—m—»
system is designed primarily to accept the RF dutgua S DCE
tactical radio, it can also accept the IF outpuh hodem or a :
baseband digital-to-analog converter (DAC) outpiihe y
system will also accept digital output signals withn ;
straightforward modification to the interface. Thwerall
system design emphasizes ease of growth and réphica
through the use of COTS equipment. As will be assed, the
design of the system permits flexible scaling tgopsut
operationally relevant scenario sizes. The RF érard port of
each radio is connected through a cable to a sipralersion
module (SCM). The SCM performs the conversion betwe /
analog RF signals and digital baseband signalsa&gare ﬁ —
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passed to and from the SCMs over high-bandwidth

interconnects (HBI) that run between the SCMs &eddigital \ e
channel emulator (DCE). The DCE is comprised of@T6 }

FPGA-based computing platform and MITRE-developed \
software and firmware that processes the digits¢band data.

The DCE performs digital emulation of multiple RF
channels based on parameter sets generated usingfam . J
variety of different RF modeling software packagais . - .
enables coverage of several different layers dbraebting. At Figure 1. Simplified TCES Block Diagram
the fundamental level, radio performance as a fonaf SNR,
minimum and maximum signal levels, co-channel afjdcent
channel interference, and jamming can be evaluatedhe
next level, receiver front-end functionality such automatic
gain control (AGC), demodulation, carrier trackingnd
Doppler correction can be evaluated. Finally, tiditg to
place multiple radios in a simulated propagatioirenment
enables complex MANET algorithms to be thorougldgtéd

and characterized prior to the low-rate initial gwotion
(LRIP) step of the acquisition process.

MODELING
TOOL

GUI

The outputs of the various channel prediction tomle
translated by software running on a system cosgoler into
the necessary configuration commands to impleméat t
desired channel characteristics in the DCE. Thdigamation
commands are sent over Ethernet to the processagis
Once the digital baseband signal passes througtcthenel
modeling hardware, it is sent back to the SCMs, refieis
converted back to RF and into the tactical rad®¥sport. The
TCES is implemented as a stand-alone rack as shown
Figures 2 and 3.

Figure 2. Front View of the TCES
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Figure 3. Réér VieW of the TCES

The RF/antenna port of each radio to be testedrinected
to the TCES front panel, where the transmit andivecsignals
of each radio are split into separate signal ptithsconnect to
the RF input/output of one of the SCMs. A detaiev of the
SCM signal chain is shown in Figure 4. On the nexaide,
the SCMs perform the downconversion from the REUency
to a lower intermediate frequency (IF), which iertdigitally
filtered, further downconverted, and downsamplegraduce
complex baseband data with a signal bandwidth oVEE&.
The samples are time stamped and sent over thetdiBle
DCE for processing. The transmit side performsréwerse of
these operations.

. IMPLEMENTATION DETAILS

Another challenge is designing the system to peoviat
scalable hardware resources. Different channeletagequire
different per-path resources, which limit the numbg paths
that can be emulated on any one board in the DCE.
Additionally, the number of paths to be emulatedréases as
the square of the number of radios being testedhagath
between every pair of radios is potentially unigUiberefore,
to support different channel models across systeEndéferent
size, the system architecture was designed tadtédeilflexible
partitioning across multiple FPGAs and boards.
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Figure 4. SCM Block Diagram

A further consideration is that the inherent detdythe
system (through the various stages of processirgh s
sampling, up/down conversion, up/down samplinggtihg,
etc.) imposes a lower limit on the point-to-poimstdnce that
can be emulated. One nanosecond of system delasiatas
into approximately one foot of emulated distance, tke
system delay must be kept as low as possible tdlena
practical scenarios. Therefore, the system ardhitecmust
support flexible data movement between componenitsle
minimizing the total introduced delay, which areatgothat are
often in opposition to each other.

One of the challenges with designing a system dhatbe
flexibly split across multiple boards in a systesnarranging
the computations so that the FPGA 1/0 bandwidtpraperly
balanced to the logic resources. As each FPGA inaed
logic resources and limited 1/0O capacity, the systaust be

There are a number of challenges associated withesigned ensure that the DCE implementation istaoved for

implementing a scalable system for multiple radigitdl

channel emulation. In order to accurately emullagebiehavior
of the RF channel across all nodes, it is necedhatall of the
SCMs coherently sample the analog inputs acrossadibs.
Each radio node interface requires an ADC and a DWdi
must be time-synchronized in order to avoid phasere
(relative to the propagation-dependent phase ootsitihat the
system needs to impart). Therefore, a rubidiumllasai is

used to create a single timing reference thatssiduted to all

components in the system. Each component derives i€

necessary clocking signals from this global refeegenwhich
ensures that samples can be accurately time stanagach
simplifies the process of moving data throughoataystem.

data. In order to address this concern, the imphatien
utilizes a layered approach to abstraction to dgleothe
physical interfaces from the logical channels topsut flexible
partitioning. This and other related challenge$ bél discussed
in the sections below.

A. SCM / Radio Interface Design

One important design goal of the system was torégee
L£OTS hardware, to the extent possible, to produsgstem
that is flexible, scalable, cost-effective, andilgasproduced.
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The SCM of Figure 1 is based on a National Instnise
N210 Universal Software Radio Peripheral with costo
developed FPGA logic. This low-cost software-dedinadio
(SDR) platform accepts RF interface daughter ctrdscover
frequencies from baseband up to 4.4GHz, which altbe
system to interface to many relevant DoD and cormiaker
radios. The RF front-end of the SCM downconverésahalog
input signal to an IF of 12.5 MHz and digitizegat14 bits at
100 mega-samples per second (MSPS). The resubimglex
IF signal is fed to a Xilinx Spartan-3A-DSP 3400 G/
where it is downconverted to baseband and traresnserially
to the DCE. The FPGA uses a Coordinate Rotationitd)ig

total of MN paths and each path consists of various logic
subsystems, or "cells" that model different aspeé€ta given

RF propagation channel. For example, a scale celach path
accounts for signal attenuation. Other cells ineliteger and
fractional sample delays cells and phase rotatiefis.c
Additional cells are being developed to provide atslities
such as ray-traced and statistical multipath chamudels.
These latter models will enable the emulation afhsieatures
as correlated fading, an important consideration NBMO.
The cell-based architecture enables a flexible
parameterized design approach, whereby differeandstrd
channel models (in the form of pre-built FPGA fireme

and

Computer (CORDIC) based approach for downconversiorimages) can be selected to satisfy tradeoffs betvebannel

The CORDIC has a programmable frequency underdghea
of the SCM firmware. The baseband signal is fillergth a
pair of half-band decimate-by-two low pass filtdie an
overall decimation rate of four (25 MSPS). On thensmit
side, a digital-to-RF upconversion chain perforims teverse

complexity and the number of radio nodes that can b
accommodated. MITRE’s current prototype implemeats
12x12 system with integer (multiples of 40 ns) skngelays
and complex amplitude scaling, or a 16x16 systeth simple
path loss on a single board.

of the above processing steps to produce an RFalsign

corresponding to the output of each digitally ertreda
propagation channel. The MITRE system uses the cmlityn
hardware with custom FPGA firmware to enable lotenay

digitization of the RF signal, and leverages thghhspeed
serial data interface normally used for multi-inpatlti-output
(MIMO) applications. Our firmware uses the MIMQérface
to transmit data directly to the DCE at a 2 Gbpe liate to
support the sample bandwidth. Each SCM receive$esance
clock, which enables distributed synchronizatiomoss the
system. Sample alignment is maintained to withirfea

nanoseconds.

B. Digital Channel Emulation

The digital channel emulator (DCE) primarily modéte
wireless medium, and provides a flexible mechaniem
imparting such propagation channel characteristigsath loss,
phase shift, delay, multipath, and Doppler. Theecof the
digital channel emulation system is implementedngisi
commercial OpenVPX FPGA boards. Our
implementation is based on the Curtiss-Wright HRE72
platform which features two Xilinx Virtex-5 SX240FPGAs.
The DCE can be easily configured to support m@tigPE720
boards depending on complexity of the channel hacsize of
the system. One of the challenges in multi-FPGAiltifboard
designs is clock and time synchronization. To asklithis, a
10MHz reference clock and 1 pulse per second (RR@gls
are sent to a custom FPGA mezzanine card (FMC) aattie
board and routed to the FPGAs. This ensures Htlt EPGA
runs on the same clock and uses the correct timpstdahe
HPE720 platform uses the Serial RapidlO (SRIO)qwol as
the control plane. Host software configures FPGAdWware
registers by way of serial rapid 10 (SRIO) trangacd
delivered to the FPGAs from an on-board Power-PEC)P
device. Logic resources
transactions and perform the appropriate regist@esses.
Serial data is transferred between the DCE andstbils by
way of on-board multi-gigabit transceivers (MGT).

The DCE supports a user-definbiby-N channel matrix,
where M is the number of destination nodes aXdis the
number of source nodes. A given system configunatias a

current

in each FPGA decode these

C. Control Software and User Interface

The user interface and control software offer thmethods
for controlling the TCES hardware. The first is enge
interactive mode, whereby the user controls thenwohia
characteristics of each path by entering values angirid on a
web form. The second is a scenario playback tobkrer the
user can upload a specially formatted file desagha time-
varying scenario and play it back for easily reppeptests. The
last is a JavaScript Object Notation (JSON)-basedrH
interface meant to be used for scripting emulagavior or
building custom user interfaces.

A major requirement for the design of the contaftware
was loosely coupling scenario development tool$ s STK
or Remcom Wireless InSite and the control softwarbis
allows the emulator to easily be integrated witlisting test
frameworks to expand capability. Simple scripts previded
to convert output from several modeling tools te Htenario
file format mentioned above. If the modeling tookapable of
providing real-time updates, a simple software sleam be
written to take output from the modeling tool andward it to
the emulator control software automatically. Theuktor
control software takes in values that describe REnnel
characteristics, such as delay and path loss, seslaimodular
architecture to simplify the creation of translat@nd filter
plug-ins that perform the conversion from RF chemastics to
raw control register values. Use of a pluggablehiggcture
simplifies the process of adding new modeling celld
supporting new modeling tools. Each only requaeginimal
amount of customized code that implements the ekbsir
translation. The supporting infrastructure takesecaf the
necessary housekeeping associated with the cquhéred flow.

V.

We are working to extend our current prototype to
incorporate such features as multipath and Dopflgpical
tactical radio stressing scenarios require less @aindividual
paths between each transmitter and receiver touatcwor
signal multipath in challenging environments. Epekh has its
own associated delay, attenuation, phase rotadioh,Doppler
parameters. Given the large number of paths indoleéong

FUTURE WORK
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with the need for independent fading coefficiemseach path,
an efficient implementation will be required. Welibee that
our system architecture facilitates the necessadgbffs.

As the achievable scale of the system is largeilyedrby
the available hardware resources, the tradeoff desiw
software and hardware implemented functionalitkey. For
example, by leveraging the channel modeling cethitives
that provide us with subsample delay and phasé, stef can
support Doppler shifts without requiring additiorr@rdware.
By placing bounds on the emulated platform velesitito
bound the Doppler shift, we can realize the effeét®oppler
through rapid software updates to the existing obhn
emulation cell control registers. Our control @astructures
provide sufficient capacity to emulate Doppler shét closing
speeds in excess of 300 miles-per-hour (MPH). Wik may
not be sufficient for aircraft, it is sufficient fanany ground-
based mobility scenarios, as well as some air-toHgel use
cases. If modeling higher Doppler is necessarytoousells
can be added, with the understanding that theee tradeoff
between achievable system scale and complexityhahreel
model. However, as a single system can be easibnfigured
to support either case, the hardware can be efédgtieused to
answer different questions at different times.

V. CONCLUSION

A real-time digital baseband emulator of RF propaga
channels has been developed and demonstrated f&. T
architectural features of this system enable aetfidbetween
the number of radio nodes and the fidelity of thearmel
models. Further, the approach presented here sesulta
system that is scalable to an arbitrary numberadfor nodes.
The system that we have developed facilitates alséng of
tactical radios to an extent not previously avddaland is in
current use by a DoD customer.
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