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ISAC Waveform Design
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Radar Tutorial

Barker Coded Radar Waveform
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Nested Barker Codes and 
ISAC Waveform Generation



Receiver Processing

Communication Receiver
Received signal at the communication receiver:

𝑦௞ 𝑡 = 𝑆ோ௔ௗ஼௢௠ 𝑡 + 𝑤௞(𝑡)

The demodulation of this signal at the receiver by using matched filtering.

𝑧௜ 𝑡 = 𝑐𝑜𝑟𝑟 𝑦௞ 𝑡 , 𝑆௜ 𝑡           𝑖 = 1, … , 𝑀

In cross-correlation, the signature signal that gives the result with the highest peak 
value is accepted as the sent symbol.

𝑖௘௦௧ = 𝑎𝑟𝑔𝑚𝑎𝑥௜ୀଵ,…,ெ(𝑚𝑎𝑥 𝑧௜ 𝑡 )



Receiver Processing

Radar Receiver



Ambiguity Function (AF)

Output of the radar matched filter
Measures response vs. delay (τ) and Doppler (fₙ)
 Peak at (τ = 0, fₙ = 0) → perfectly matched target
Off-peak values → interference from other ranges / velocities
 Shape of AF → range & Doppler resolution
 Sidelobes → risk of false or ambiguous detections



Ambiguity Function (AF)

Matched filter output

𝜒(𝜏, 𝑓ௗ) = න 𝑥෤ 𝑡
ஶ

ିஶ

𝑥෤∗(𝑡 − 𝜏)𝑒௝గ௙೏௧𝑑𝑡

 Ambiguity function

𝜒(𝜏, 𝑓ௗ) ଶ = න 𝑥෤ 𝑡
ஶ

ିஶ

𝑥෤∗(𝑡 − 𝜏)𝑒௝గ ೏௧𝑑𝑡

ଶ



ISAC-Barker Ambiguity Function 

 Phase coded radar signal

𝑥 𝑡 = 𝑒௝௪బ௧ ෍ 𝐷௡(𝑡)𝑒௝ఏ೙

ே

௡ୀଵ

Where w0 denotes the carrier angular frequency of the pulse 
 For a binary phase code  𝜃௡  →  0 or 1

 𝐷௡= 𝑒௝ఏ೙ = ±1

 For the joint waveform, 𝐷௡ changes in accordance with the  
transmitted communication symbol. 



ISAC-Barker Ambiguity Function 

𝜒 𝜏, 𝑓ௗ = 𝜒଴ 𝜏ᇱ, 𝑓ௗ ∑ 𝐷௡𝐷௡ା௞𝑒ି௝ଶగ௙೏(௡ିଵ)ఛబேି௞
௡ୀଵ

 +𝜒଴ 𝜏଴ − 𝜏ᇱ, 𝑓ௗ ∑ 𝐷௡𝐷௡ା௞ାଵ𝑒ି௝ଶగ௙೏௡ఛబேି௞
௡ୀଵ

𝜏 = 𝑘𝜏଴ + 𝜏ᇱ  ቊ
0 < 𝜏ᇱ < 𝜏଴

𝑘 = 0,1,2, … , 𝑁

𝜒଴ 𝜏ᇱ, 𝑓ௗ = න 𝑒ି௝ଶగ௙೏௧𝑑𝑡 0 < 𝜏ᇱ < 𝜏଴

ఛబିఛᇲ

଴



ISAC-Barker Ambiguity Function 

 Zero Doppler Cut for L periodic pulse

|χ(τ; 0)| = lim
௙೏→଴

1

𝐿
෍ 𝜒ூௌ஺஼ି஻௔௥௞௘ 𝜏 − 𝑞𝑇; 𝑓ௗ

௅ିଵ

௤ୀି ௅ିଵ

×
sin π𝑓ௗ𝐿𝑇

𝐿 sin π𝑓ௗ𝑇

=
1

𝐿
෍ χூௌ஺஼ି஻௔௥௞௘௥ τ − 𝑞𝑇; 0

௅ିଵ

௤ୀି ௅ିଵ

                                =  
1

𝐿
෍ 𝜏଴ − 𝜏ᇱ + 𝑞𝑇 ෍ 𝐷௡𝐷௡ା௞

ேି௞

௡ୀଵ

+ 𝜏ᇱ + 𝑞𝑇 ෍ 𝐷௡𝐷௡ା௞ାଵ

ேି௞

௡ୀଵ

௅ିଵ

௤ୀି(௅ିଵ)



ISAC-Barker Ambiguity Function 

 Zero Delay Cut for L periodic pulse

𝜒 0, 𝑓ௗ

= ቌ𝜒଴ 0, 𝑓ௗ ෍ 𝐷௡𝐷௡ା௞𝑒ି௝ଶగ ೏ ௡ିଵ ఛబ

ேି௞

௡ୀଵ

+ 𝜒଴ 𝜏଴, 𝑓ௗ ෍ 𝐷௡

ேି௞

௡ୀଵ

𝐷௡ା௞ାଵ𝑒ି௝ଶగ௙೏௡ఛబቍ ×
sin π𝑓ௗ 𝐿 − 𝑞 𝑇

sin π𝑓ௗ𝑇



ISAC-Barker Ambiguity Function 



Genetic Algorithm

 Derived ambiguity function applies to all biphase codes
 Enables optimization beyond Barker sequences
 Design space is discrete, non-convex, and combinatorial
Multiple conflicting goals:

 Radar: low sidelobes (high PSLR)
 Communication: large Hamming distance



Genetic Algorithm

Objective functions

𝑓௓௘௥௢஼௨௧ =
𝑤ଵ𝑀

𝑁
𝑃𝑆𝐿𝑅௓ௗ௘௟ −

𝑤ଶ𝑀

𝑁
𝑃𝑆𝐿𝑅௓ௗ௢௣௣ +

𝑤ଷ

𝑁
𝑑௠௜௡

𝑓 ௟௢௕௔௟ =
𝑤ଵ𝑀

𝑁
𝑃𝑅ீ௟௢௕௔௟ +

𝑤ଷ

𝑁
𝑑௠௜௡



Genetic Algorithm

Genetic algorithm parameters

N88M8N44M4Parameter

14040Population Size

100100Number of Generations

0.80.8Crossover Fraction

55Elite Count

bitstringbitstringPopulation Type



Numerical Analysis

 Sequence length: N = 44
Communication symbols: M = 4; 2 bits per PRI
Genetic algorithm–optimized biphase codes
Clear performance improvement over Barker code
 Key Observations

 Lower sidelobes in zero-Doppler cut→ higher PSLR
 Hamming distance preserved→ reliable communication performance



Numerical Analysis

 Sequence length: N = 88
Communication symbols: M = 8

 3 bits per PRI
 Analysis extended to longer sequences
Goal: verify scalability of the optimization approach
 Key Findings

 Stronger PSLR improvement in zero-Doppler cut
 Optimized codes outperform Barker sequences
 Minimum Hamming distance maintained or improved
 Objective function weights enable flexible trade-offs
 Radar sidelobe suppression
 Communication reliability.



Numerical Analysis

Hamming DistancePSLR Zero DelayPSLR Zero DopplerCode

224.60314.0000Barker44M4

224.60314.8889N44M4W111ZC

204.60315.5000N44M4W110ZC

254.60314.0000N44M4W111G

444.60404.0000Barker88M8

444.60406.2857N88M8W111ZC

374.60406.7692N88M8W110ZC

464.60405.5000N88M8W111G



Numerical Analysis



Numerical Analysis



Numerical Analysis



Conclusion

 Joint ISAC waveform with Barker intra-pulse modulation analyzed
 Ambiguity function derived and evaluated (PSLR & SER)
Genetic algorithm–optimized biphase code

 Lower sidelobes (higher PSLR)
 Improved SER performance

Consistent gains for N=44, M=4 and N=88, M=8
 Suitable for sensing-oriented low-rate communication(2–3 bits

per PRI)
GA-based biphase optimization enhances both radar and

communication performance in ISAC systems.


