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Motivation
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Å Increasing spectral congestion is driving research into radar/communication 
cohabitation strategies
ïHere we consider experimental validation of a co -design approach for a single multi -

function system

Å In [1], a power-efficient, multi -function arrangement denoted as Tandem-
Hopped Radar and Communications (THoRaCs) was introduced
ïA two -stage optimization procedure places an undistorted OFDM signal into a constant 

amplitude FM noise waveform

ÅHere we focus on experimental evaluation of THoRaCs
ïDual -function radar and communication perspectives are considered in loopback and 

open-air measurements

[1] B. Ravenscroft, P.M. McCormick, S.D. Blunt, E.S. Perrins, J.G. Metcalf, ñApower-efficient formulation

of tandem-hopped radar andcommunications,òIEEE Radar Conf., Oklahoma, City, OK, Apr. 2018.
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THoRaCs Structure

Å In the THoRaCs formulation, the composite radar + OFDM waveform is 
directly designed as a single dual -purpose emission
ïThis composite waveform is constant amplitudeand continuous,                                             

=> thus amenable to high -power transmitters

ïThe two-stage optimization procedure provides undistorted communication subcarriers

ïThe undistorted OFDM signal is a componentof a constant amplitude FM signal
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THoRaCs is NOT constant-envelope OFDM (CE -OFDM) 
where subcarriers are placed directly in the exp(Å) term

( ) ( ) ( ) exp( ( ))s t r t e t j tf= + =
Composite waveform

OFDM signal
ɁÌßÊÌÚÚɂɯÚÐÎÕÈÓɯÙÌØÜÐÙÌËɯÛÖɯ

enforce right-hand side
Continuous phase 

function
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THoRaCs Waveform Optimization

ÅWe wish to generate a pulsed FM radar waveform of duration T and 3-dB 
bandwidth B that contains N embedded OFDM subcarriers
ïSubcarriers modulated with arbitrary QAM symbols

ïHere there is one symbol / subcarrier / pulse

ÅAs long as N is sufficiently less than BT, the two-stage optimization 
procedure exploits the available degrees of freedom to produce a true OFDM 
signalthat resides within an FM waveform

ÅEach waveform is spectrally-shaped to yield low autocorrelation sidelobes
ïA Gaussianshaped power spectrum is employed here

ÅA total of M unique pulsed waveforms are produced to form a coherent 
processing interval (CPI)
ïThe inherent waveform agility realizes incoherent sidelobes that average out when 

combined in slow -time
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THoRaCs Optimization ɬInitialization

Å Initialize the mth pulse, defined on ɬTɤƖɯȀɯt ȀɯɯT/2, with a random FM waveform 
denoted as             via a random instantiation of polyphase-coded FM (PCFM) [2]

ÅOver the same time interval, define the communication signal as 

where, for the mth pulse, 
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0, ( )ms t

[2] S.D. Blunt, M. Cook, J. Jakabosky, J. de Graaf, E. Perrins, ñPolyphase-coded FM (PCFM) radar waveforms, part

I:implementation,òIEEE Trans. Aerospace & Electronic Systems, vol. 50, no. 3, pp. 2218-2229, July 2014.
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is the frequency of the nth subcarrier,

is the QAM symbol encoded onto the nth subcarrier,

is the amplitude scaling factor that shapes the spectrum at the nth subcarrier.
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THoRaCs Optimization ɬStage One

6

{ }( ){ }1
, ,( ) ( ) exp ( )k m k mb t G f j s t-= Ï

{ }, ,( ) ( ) ( )
mk m r k m mb t P b t r t^= +

( ),

1,

exp ( ) 2
( )

0 2

k m

k m

bj t t T
s t

t T
+

ë Ï ¢î
=ì

>îí

0, ( )ms t
Repeat K times

Initial segment

, ( )K ms t

Stage one:         
optimized mth pulse
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( )G fDesired PSD: Desired comm. signal: ( )mr t

Project onto orthogonal 
complement of subcarriers 
& then insert OFDM signal

Extract continuous 
phase to enforce 

constant amplitude & 
enforce pulse shape

Fourier 
transforms

Enforce spectral shape
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THoRaCs Optimization ɬStage Two
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Final optimized          
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Repeat L times

Initialize with final 
stage one waveform

Same as Stage One, just with 
the spectral shaping removed

Permits modest 
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comm. signal structure
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Options for OFDM Parameterization

Å In the formulation of          , three design parameters are examined:
1) Size of the OFDM symbol constellation

2) Number of OFDM subcarriers N relative to waveform BT

3) Placement of subcarriers within the radar spectrum
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( )mr t

Symbol 
constellation

Subcarrier 
percentage

Subcarrier                          
placement

4-QAM 25% BT Ɂ"ÖÕÛÐÎÜÖÜÚɯ%ÐßÌËɂ

16-QAM Ɂ"ÖÕÛÐÎÜÖÜÚɯ'Ö××ÌËɂ
75% BT64-QAM Ɂ-ÖÕ-"ÖÕÛÐÎÜÖÜÚɯ'Ö××ÌËɂ

Subcarriers grouped together, 
static from pulse -to-pulse 

Subcarriers grouped together, 
location moves from pulse -to-pulse 

Subcarriers move independently 
from pulse -to-pulse 

All N subcarriers forced to 
reside within 3 -dB bandwidth
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Simulated Assessment: Subcarrier Capacity
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ÅA noise-freesimulation of the optimized THoRaCs waveforms is conducted to 
assess distortion caused to the embedded OFDM signal via optimization only
ïA set of M = 103 THoRaCs waveforms with BT = 200 are optimized and the OFDM 

subcarriers are demodulated with knowledge of the constellation and subcarrier 
placement

ÅTwo instantiations of embedded OFDM parameters are considered
ï4-QAM constellation with N = 50 (25% of BT = 200) & N = 150 (75% of BT = 200)  

subcarriers per pulse, ÌÔÉÌËËÌËɯÝÐÈɯÛÏÌɯɁ"ÖÕÛÐÎÜÖÜÚɯ%ÐßÌËɂɯ×ÓÈÊÌÔÌÕÛɯÚÛÙÈÛÌÎà

ïHighlights impact of OFDM distortion caused by the optimization procedure

Å3ÏÌɯɁÚ×ÙÌÈËɂɯÖÍɯÛÏÌɯËÌÔÖËÜÓÈÛÌËɯÚàÔÉÖÓÚɯÈÙÖÜÕËɯÛÏÌÐÙɯÙÌÚ×ÌÊÛÐÝÌɯ
constellation points is assessed via the root-mean-square (RMS) error vector 
magnitude (EVM) , expressed as a percentageof the average symbol energy
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Simulated Assessment: Subcarrier Capacity
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4-QAM ÊÖÕÚÛÌÓÓÈÛÐÖÕɯÈÕËɯɁContiguous Fixed ɂsubcarrier placement

N = 50 subcarriers/pulse N = 150 subcarriers/pulse

Increasing N degrades demodulation accuracy for fixed BT

RMS EMV = 
0.45%

RMS EMV = 
10.9%
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Experimental Assessment: Hardware Implementation
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ÅFor all experimentalevaluations conducted, a set of M = 103 THoRaCs 
waveforms were optimized having BT = 200 (B = 66.7 MHz and T = 3 ϟs)
ïThe collective CPI has aggregate BT = 2 ³105 that yields ~53 dB of coherent integration gain 

at the radar receiver

ÅEach waveform is physically implemented on a Tektronix arbitrary 
waveform generator (AWG) for transmission
ïDigitally up -sampled to 10 GS/s at a center frequency of 3.55 GHz and PRF of 25 kHz

ÅEach received signal is captured by a Rohde & Schwarz real-time spectrum 
analyzer (RSA)
ï I/Q sampled at a rate of 200 MHz
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Experimental Radar Assessment: Open-Air
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ÅExperimental assessment of the radar operation of optimized THoRaCs 
waveforms was conducted in an MTI mode
ïVehicular traffic captured from the roof of a building on the University of Kansas campus

ÅCaptured reflections of the CPI are pulse-compressed with loopback-
measured versions of the waveforms
ïAccounts for hardware distortion effects

ÅRange-Doppler response is formed via standard FFT Doppler processing
ïZero-Doppler projection clutter notch (stationary platform)

ïTaylor window applied across Doppler
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Experimental Radar Assessment: Open-Air
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4-QAM ÊÖÕÚÛÌÓÓÈÛÐÖÕɯÈÕËɯɁContiguous Fixed ɂsubcarrier 
placement with N = 50 (25% of BT) subcarriers

Results agree with 
previous radar 

assessment of FM 
noise waveforms

Low range sidelobes 
due to incoherent 

combining in slow -
time


