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Distributed Phased Array Overview
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Distributed Phased Array Synchronization
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Distributed Phased Array Performance
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System Time Model
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• Local time at node 𝑛:
𝑇! 𝑡 = 𝑡 + 𝛿! 𝑡 + 𝜈!(𝑡)

• 𝑡 : true time
• 𝛿2(𝑡): time-varying offset from global 

true time
• 𝜈2(𝑡): other zero-mean noise sources
• Δ32(𝑡) = 𝑇3(𝑡) − 𝑇2(𝑡) 

• Goal: 
• Estimate and compensate for Δ32 
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Time Synchronization Technique
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• Assumptions:
• Link is quasi-static and reciprocal 

during the synchronization epoch

• Timing skew estimate:

Δ45 =
(𝑇674−𝑇875) − (𝑇675 − 𝑇874)

2

For compactness of notation: 𝑇% 𝑡&'# = 𝑇&'#



High Accuracy Delay Estimation
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• The delay accuracy lower bound 
(CRLB) for time is given by
 

var �̂� − 𝜏 ≥
1
2𝜁("

⋅
𝑁)
𝐸*

• 𝜁(": mean-squared bandwidth
• 𝑁): noise power spectral density
• 𝐸*: signal energy

 

𝐸*
𝑁)

= 𝜏+ ⋅ SNR ⋅ NBW

• 𝜏+: integration time
• SNR: signal-to-noise ratio
• NBW: noise bandwidth
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High Accuracy Delay Estimation
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• For constant-SNR, maximizing 𝜁:; 
will yield improved delay estimation
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Delay Estimation
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• Discrete matched filter (MF) used 
in initial time delay estimate
 
𝑠JK 𝑛 = 𝑠LM 𝑛 ⊛ 𝑠NM∗ [−𝑛]	

= ℱPQ 𝑆LM𝑆NM∗

• Two-tone matched filter waveform 
is highly ambiguous

• High SNR or narrow-band pulse 
required to disambiguate peaks
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Delay Estimation Refinement
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• MF causes estimator bias due to time 
discretization

• Refinement of MF obtained using Quadratic 
Least Squares (QLS) fitting to find true delay 
based on three sample points

�̂� =
𝑇+
2

𝑠,- 𝑛./0 − 1 − 𝑠,- 𝑛./0 + 1
𝑠,- 𝑛./0 − 1 − 2𝑠,- 𝑛./0 + 𝑠,- 𝑛./0 + 1

   where
𝑛GHI = argmax

5
𝑠JK[𝑛]



System Configuration
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Aux. Trigger

Beamforming



System Configuration
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𝑵𝟎

𝑵𝟏

Aux. Trigger Antennas



System State Flow
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beamforming 
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Estimate N𝝉𝐛𝐟,𝒏,𝒊 
and P𝝓𝐛𝐟,𝒏,𝒊 at 

target 

Coarse alignment 
~10 ns

Residual bias 
compensated to 
picosecond level

Compensate using 
Δ9:, and beamsteer 
using 𝜏;<: and 𝜙;<: 
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Transmitted Waveform

𝒔𝒏 𝒕 =$
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Subscripts
𝑛: Node Index
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Beamforming Measurements
Target Location ~0°; Internode Range ~1.25m

Direct Measurements

Total Error (All Freq. & Angle) : 𝝁𝝉 = −42.28 ps , 𝝈𝝉 = 55.59 ps and  𝝁𝝓 = −37.09°, 𝝈𝝓 = 47.96°
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Beamforming Measurements
Target Location ~0°; Internode Range ~1.25m

Range Compensated Beamforming Error
(Mean ranging bias removed)

Total Range-Compensated Error: 𝝁𝝉 = 19.42 ps , 𝝈𝝉 = 43.26 ps and  𝝁𝝓 = 36.22°, 𝝈𝝓 = 35.76°

Internode Ranging Bias (𝑫𝒏 − P𝑫𝒏)
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Beamforming Measurements
Target Location ~20°; Internode Range ~1.25m

Direct Measurements

Total Error (All Freq. & Angle) : 𝝁𝝉 = −122.97 ps , 𝝈𝝉 = 145.17 ps and  𝝁𝝓 = −90.09°, 𝝈𝝓 = 70.85°
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Beamforming Measurements
Target Location ~20°; Internode Range ~1.25m

Range Compensated Beamforming Error
(Mean ranging bias removed)

Total Range-Compensated Error: 𝝁𝝉 = −158.88 ps , 𝝈𝝉 = 140.36 ps and  𝝁𝝓 = −132.76°, 𝝈𝝓 = 67.29°

Internode Ranging Bias (𝑫𝒏 − P𝑫𝒏)



Conclusion
• Discussed high accuracy time-frequency-phase synchronization 

technique using pulsed two-tone time/range estimation and 
continuous two-tone frequency transfer
• Demonstrated fully-wireless time-frequency-phase synchronized 

distributed array beamformer
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Steering 
Angle

Absolute Error Range Compensated Error

Time (ps) Phase (°) Max BPSK* Time (ps) Phase (°) Max BPSK*

0° 55.6 48.0 1.8 Gbps 43.3 35.8 2.3 Gbps

20° 145.2 70.8 688 Mbps 140.4 67.3 712 Mbps

* Maximum theoretical BPSK throughput; 𝑮𝒄 ≥ 𝟎. 𝟗
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System Configuration 1
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System Configuration 1
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Beamforming Measurements (1)
Target Location ~0°; Internode Range ~1.5m
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Total Error (All Freq. & Angle) : 𝝁𝝉 = 131.44 ps , 𝝈𝝉 = 109.29 ps and  𝝁𝝓 = 155.96°, 𝝈𝝓 = 98.00°



Beamforming Measurements (1)
Target Location ~0°; Internode Range ~1.5m
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Internode Ranging Bias (𝑫𝒏 − P𝑫𝒏)
(Mean ranging bias removed)
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Total Range-Compensated Error: 𝝁𝝉 = 20.47 ps , 𝝈𝝉 = 69.33 ps and  𝝁𝝓 = 28.11°, 𝝈𝝓 = 21.69°



Experimental Configurations
Configuration 1

Objectives
• Demonstrate baseline performance 

of time—phase synchronization 
strategy with frequency hopping

Configuration 2

Objectives
• Demonstrate fully wireless phased 

array beamforming performance 
with frequency hopping
• Demonstrate beamforming with 

varying internode distance

TU-A1.1A.9 | Advances in Phased Array Antennas 27

Synchronization 
Parameter

Method

Time Wireless
Phase / Range Wireless
Frequency Wired

Synchronization 
Parameter

Method

Time Wireless
Phase / Range Wireless
Frequency Wireless



Experimental Setup

TU-A1.1A.9 | Advances in Phased Array Antennas 28
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Configuration 1

𝑵𝟎

𝑵𝟏

Configuration 2


