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Motivation

4Digital Array Architectures

• Many small nodes make up array
• Reduced deployment cost
• Decreased thermal management 

requirements
• Resilient to antenna / node 

failure
• Larger array sizes possible
• Increased total gain / throughput

• Can operate efficiently over larger 
frequency range
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Impacts of Coordination Errors
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System Time Model
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𝑁𝑛

𝑅

Node: 0

Node: 𝑛 𝛼!
(#)

Relative Clock Alignment
• Assumption: 

Over short observation intervals time 𝜏, higher order 
terms are negligible

𝛼, ≈ 0	∀	𝑘 > 1

• Simplifies observed time at node 𝑛:

𝑇%/'
# 𝑡 = 𝛼(,%/'

(#) 𝑡 + 𝛼!,%/'
(#) + 𝜈%/'

(#) 	(𝑡)

where:
• 𝛼-

('): time bias
• 𝛼#

('): relative frequency scale
In practice, 𝛼* will be time-varying
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Carrier Model
The carrier at node 𝑛 observed in the true time reference is

𝑠?, ⁄B C
D 𝑡 = exp 𝑗	2𝜋 ⋅ 𝑓CE, ⁄B C ⋅ 𝑇 ⁄B C

D 𝑡 + 𝑗	𝜙F, ⁄B C
D

𝛼G,B/C
(D) 𝑡 + 𝛼F,B/C

(D) + 𝜈B/C
(D) 	(𝑡)

Compensation steps:
1. Estimate and correct for 𝛼*,%/'

(#)

2. Calibrate the static delay and phase rotations 𝜙!,%
# , 𝜙!,'

#  à 𝜙%,+,-
# , 𝜙',+,-

#
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Analog Frequency Syntonization

f1 f2

fref

fref

LPFBPF

Wireless Frequency Transfer Receiver Circuit

• Two-tone transmitter with carrier spacing  𝑓ref 

• Self-mixing receiver: Mixes received signal with itself, low-pass filters frequencies above 𝑓./0
• Fundamental frequency  𝑓./0  received at output used to discipline local oscillators on the 

radio nodes (tracks 𝛼#
('))

𝑓ref	

𝑓1	 𝑓2	 𝑓ref	

S. R. Mghabghab and J. A. Nanzer, "Open-Loop Distributed Beamforming Using Wireless Frequency Synchronization," in IEEE Transactions on Microwave Theory and 
Techniques, vol. 69, no. 1, pp. 896-905, Jan. 2021, doi: 10.1109/TMTT.2020.3022385.
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Compensating for 𝛼G
D
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Digital Time Compensation

With frequencies syntonized, the carrier is now

𝑠+, ⁄% '
# 𝑡 = exp 𝑗2𝜋 ⋅ 𝑓'1, ⁄% ' ⋅ 𝑡 + 𝛼!, ⁄% '
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The digital baseband waveform is used to compensate for carrier phase offset
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Time Coordination Technique
Two-Way Time Synchronization
• Assumption:

• Link is reciprocal ⟹ quasi-static during the 
synchronization epoch

• Apparent one-way time of flight (ToF):
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Time of Arrival Estimation  | !𝑇!"# 𝑡$%
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J. M. Merlo, S. R. Mghabghab and J. A. Nanzer, "Wireless Picosecond Time Synchronization for Distributed Antenna Arrays," in IEEE Transactions on Microwave 
Theory and Techniques, vol. 71, no. 4, pp. 1720-1731, April 2023, doi: 10.1109/TMTT.2022.3227878.

Matched Filter
Quadratic Least Squares

Peak RefinementPulsed Two-Tone Transmission

N0 N𝒏

TX RX

The same process is repeated in the reverse direction from N𝒏 to N0

𝑓
𝑓' 𝑓.

𝑆(𝑓)
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Time Offset Estimation Process
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𝟏𝟎𝝁𝒔𝟏𝟎𝝁𝒔

Time Estimation Implementation Scaling
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Initial 
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Refinement Stages (Example):
Sync 
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TDMA Slot 
Separation Sample Rate Tone Separation

0 10 ms 5 MSa/s 2 MHz
1 1.5 ms 5 MSa/s 2 MHz
2 223.6 µs 200 MSa/s 40 MHz
3 33.4 µs 200 MSa/s 40 MHz
4 5.0 µs 200 MSa/s 40 MHz
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Experimental Evaluation
Three Element Beamformer



Full System Schematic
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Experimental Setup
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Calibration and Evaluation Waveforms
• Each node transmitted orthogonal LFMs followed by continuous wave pulse train

LFM: Time/Phase Estimation Cont. Wave Pulses: Coherent Gain Estimation
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Coherent Gain Measurement Results
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Beamsteering Results
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Experiment Summary
• Demonstrated fully-wireless three-element distributed phased 

array beamsteering 
• Independent of external time or frequency reference 
• Achieved 𝐺! = 0.95 over 17 m range at 1.05 GHz

Beamforming 
Coherent Gain

Beamforming 
Absolute Gain Beamforming Std. Theoretical 

Throughput*

0.95 9.32 dB < 60.00 ps ~1.6 Gbps

* Maximum theoretical BPSK throughput; Pr 𝑮𝒄 ≥ 𝟎. 𝟗 > 𝟎. 𝟗

P. Chatterjee and J. A. Nanzer, “Effects of time alignment errors in coherent distributed radar,” in 2018 IEEE Radar Conference (RadarConf18), pp. 0727–0731, 2018.
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Questions?

Thank you to our project sponsor:

This work was supported by the Office of Naval 
Research under grant #N00014-20-1-2389.

merlojas@msu.edu
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High Accuracy Delay Estimation

J. A. Nanzer and M. D. Sharp, “On the Estimation of Angle Rate in Radar,” IEEE T Antenn Propag, vol. 65, no. 3, pp. 1339–1348, 2017, 
doi: 10.1109/tap.2016.2645785. 

• The delay accuracy lower 
bound (CRLB) for time is given 
by
 

var 𝜏̂ − 𝜏 ≥
1
2𝜁NO

⋅
𝑁!
𝐸4

• 𝜁NO: mean-squared bandwidth
• 𝑁!: noise power spectral density
• 𝐸4: signal energy
• P!
Q"

: post-processed SNR
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Delay Estimation
• Discrete matched filter (MF) used in 

initial time delay estimate
 

𝑠!" 𝑛 = 𝑠#$ 𝑛 ⊛ 𝑠%$∗ [−𝑛]	
= ℱ'( 𝑆#$𝑆%$∗

• High SNR typically required to 
disambiguate correct peak

• Many other waveforms exist which 
balance accuracy and ambiguity
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J. A. Nanzer and M. D. Sharp, “On the Estimation of Angle Rate in Radar,” IEEE T Antenn Propag, vol. 65, no. 3, pp. 1339–1348, 2017,
doi: 10.1109/tap.2016.2645785. 
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Delay Estimation Refinement
• MF causes estimator bias due to time 

discretization limited by sample rate
• Refinement of MF obtained using Quadratic 

Least Squares (QLS) fitting to find true delay 
based on three sample points

𝜏̂ =
𝑇$
2

𝑠%& 𝑛'() − 1 − 𝑠%& 𝑛'() + 1
𝑠%& 𝑛'() − 1 − 2𝑠%& 𝑛'() + 𝑠%& 𝑛'() + 1

   where
𝑛!"# = argmax

$
𝑠%&[𝑛]

J. M. Merlo, S. R. Mghabghab and J. A. Nanzer, "Wireless Picosecond Time Synchronization for Distributed Antenna Arrays," in IEEE Transactions on 
Microwave Theory and Techniques, vol. 71, no. 4, pp. 1720-1731, April 2023, doi: 10.1109/TMTT.2022.3227878.
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Delay Estimation Refinement
Predicted Bias for Two-Tone & LFM• QLS results in small residual bias 

due to an imperfect representation 
of the underlying MF output

• Residual bias is a function of 
waveform and sample rate

• Can be corrected via lookup table 
based on where estimate falls 
within a bin

J. M. Merlo, S. R. Mghabghab and J. A. Nanzer, "Wireless Picosecond Time Synchronization for Distributed Antenna Arrays," in IEEE Transactions on 
Microwave Theory and Techniques, vol. 71, no. 4, pp. 1720-1731, April 2023, doi: 10.1109/TMTT.2022.3227878.
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Delay Estimation Refinement

J. M. Merlo, S. R. Mghabghab and J. A. Nanzer, "Wireless Picosecond Time Synchronization for Distributed Antenna Arrays," in IEEE Transactions on 
Microwave Theory and Techniques, vol. 71, no. 4, pp. 1720-1731, April 2023, doi: 10.1109/TMTT.2022.3227878.

Measured Bias for Two-Tone
(before and after applying corrections)

Uncompensated

Compensated

• QLS results in small residual bias 
due to an imperfect representation 
of the underlying MF output

• Residual bias is a function of 
waveform and sample rate

• Can be corrected via lookup table 
based on where estimate falls 
within a bin
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