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Radar pulse waveform – wish list 
• Delay response: 

• Narrow (wide bandwidth, pulse compression) 
• Low range sidelobes (mismatched filter, entails SNR loss) 
• Zero range sidelobes ( is it possible ? ) 

• Doppler response: 
• Narrow (long Coherent Processing Interval) 
• Low Doppler sidelobes (inter-pulse weight window on receive, = SNR loss) 

• High energy 
• High energy pulse but low peak power (pulse compression) 

• Constant amplitude 
• Spectral efficiency  (Allows coexistence of many radars, allows low sampling rate) 

• Uniform spectrum (LFM, multicarrier) 
• Fast decaying spectral sidelobes (FSK rather than PSK) 

• Waveform separability  (motivated by MIMO or multistatic systems) 
• Many separable waveforms of the same family (coding rather than LFM) 

• Low Probability of Intercept – LPI 
• Low detectability (low peak power, unconventional pulse compression) 
• Rapidly switchable waveforms (code family with many members) 
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Complementary pair waveform 
• Delay response: 

• Narrow (wide bandwidth, pulse compression) 
• Low range sidelobes (mismatched filter, entails SNR loss) 
• Zero range sidelobes ( is it possible ? ) 

• Doppler response: 
• Narrow (long Coherent Processing Interval) 
• Low Doppler sidelobes (inter-pulse weight window on receive, = SNR loss) 

• High energy 
• High energy pulse but low peak power (pulse compression) 

• Constant amplitude   almost 
• Spectral efficiency  (Allows coexistence of many radars, allows low sampling rate) 

• Uniform spectrum (LFM, multicarrier) 
• Fast decaying spectral sidelobes (FSK rather than PSK) 

• Waveform separability  (motivated by MIMO or multistatic systems) 
• Many separable waveforms of the same family (coding rather than LFM) 

• Low Probability of Intercept – LPI 
• Low detectability (low peak power, unconventional pulse compression) 
• Rapidly switchable waveforms (code family with many members) 
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Coherent pulse train constructed from complementary pairs 

 Periodic correlation 

Zero sidelobes 
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Constructing a pair of binary complementary sequences, with sequence length 2MN,  
from two pairs of binary complementary sequences with sequences lengths of M and N. 

a= -1+2*[0 0 0 1 1 0 0 0 1 0 1 1 0 1 0 1 0 1 1 0 0 1 0 0 0 0]; 

b= -1+2*[0 0 0 0 1 0 0 1 1 0 1 0 0 0 0 0 1 0 1 1 1 0 0 1 1 1]; 

c= -1+2*[1 1 0 1 0 1 0 0 1 1]; 

d= -1+2*[1 1 0 1 1 1 1 1 0 0]; 

  

ac=kron(c,a); % Kronecker product 

bd=kron(d,b); 

sig_left=[ac bd]; % concutanation 

  

df=fliplr(d); % flipping left-right 

ncf=fliplr(-c); % negation and flipping 

adf=kron(df,a); % Kronecker product 

bncf=kron(ncf,b); 

sig_right=[adf bncf]; % concutanation 

  

mac=length(a)*length(c); 

sr=round(mac*3); 

space2=zeros(1,sr); 

  

ss_all=[sig_left  space2 sig_right]; 

ss_all_cor=xcorr(ss_all); 

  

peak_pos=0.5*(length(ss_all_cor)+1); 

xscale=0:length(ss_all_cor)-1; 

xscale=xscale-peak_pos +1; 

  

xtick_locations=[-(2*length(sig_left)+sr)  -(length(sig_left)+sr) -sr  -length(sig_left) ... 

  0 length(sig_left) sr (length(sig_left)+sr) (2*length(sig_left)+sr)] ; 

  

figure(1), clf 

plot(xscale, ss_all_cor,'k', 'linewidth',1.5) 

xlabel(' Delay / t_b ') 

ylabel(' Autocorrelation ') 

title(' Complementary binary code 2x520 ') 

axis([xtick_locations(1)-30  xtick_locations(end)+30 -100  1100]) 

set( gca, 'YTick',[-100 0 100 1040], 'YGrid','on', 'XTick',[xtick_locations], 'XGrid','on') 
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A quadriphase signal  s(t) can be generated from a binary 

sequence Bn of length M, by a binary-to-quadriphase 

transformation (tb is the duration of a code element): 
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binary  quadri-phase transformation 

Creating N samples per bit (e.g., N = 4) 
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kron, filter = MATLAB expressions 
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Achieving spectral efficiency  

by using binary => quadri-phase transformation 
Quadri-phase coded waveform = BFSK coded waveform  

Taylor, J. W., and Blinchikoff, H. J. “Quadriphase code: a radar pulse compression signal with unique characteristics”  

IEEE Transactions on Aerospace and Electronic Systems, Vol. 24, 2, (1988), 156-170. 

Converted 10 element 
complementary code 
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In BFSK 
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BPSK 

BFSK 
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x0=[1 1 b b b b b 1 b b];   x1=[1 1 b 1 b 1 b b 1 1];  b=-1 

Reducing Doppler sidelobes by transmitting a train of complementary pairs with amplitude-weighted reference  



 

Nadav Levanon, Tel-Aviv University 

16  SLIDE 

    complementary pair radar waveform 

Delay-Doppler response 

Coherent train of 32 complementary pairs (=64 pulses) 

104 BFSK coded elements in each pulse, duty cycle=30% 
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Delay-Doppler response,  zoom on one pulse 
Coherent train of 32 complementary pairs (=64 pulses) 104 BFSK coded elements 
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Range sidelobe’s sensitivity to Doppler 

Slow time 
phase ramp 

Slow time 
phase ramp 

Fast time 
phase ramp 
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Complementary pair, 26 elements/pulse, 64 pulses, chebwin(64,62)inter-pulse weight window, 
BPSK implementation, Delay-Doppler response of the 4’th FFT output. 

Caused by lack 
of fast-time 
Doppler 
compensation 
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Why is the sensitivity to Doppler of a complementary pair so emphasized? 
 
In a conventional pulse compression, with matched or mismatched filter, a sidelobe level of -50 dB is 
considered good. Hence SL of -51dB caused by lack of fast-time Doppler compensation is not felt. 
 

In complementary pair the normal SL level is zero (= - dB), hence SL increase to -51dB is clearly felt. 
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Observing slow moving targets in stationary clutter 

Combining Pulse-Doppler and MTI processing  

 MTI  Pulse-Doppler processor 

 

 

 

 

Delay Tr Delay Tr 

When using complementary pulse-pair radar waveform 

2 , 1,2,...rp T p 
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More general 2-pulse canceller 
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Chen, R., and Cantrell, B., “Highly bandlimited radar signals”, 

2002 IEEE Radar Conf., Long Beach CA, April 2002, pp. 220-226.  

Another frequency efficient implementation: Gaussian Windowed Sinc 
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M is the number of samples per 

code element (bit).  

 is a parameter chosen as 0.7.  

M = 4 
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Barker 13 – using Gaussian windowed sinc 
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Barker 13 – using Gaussian windowed sinc 
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Gaussian Window Sinc (GWS) implementation (4 samples/bit)  
104 element complementary pair,            Real signal 
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Two (and more) binary complementary pairs can be found that are orthogonal. 
Namely, no correlation peak when one signal is processed by a filter matched to the second signal. 
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Conclusions 

Try it ! 


