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BACKGROUND
While many systems (e.g., cellular networks) require relatively 
coarse time synchronization across a network of radios, to achieve 
distributed beamforming or distributed geo-positioning of emitters, 
an exquisite level of time synchronization (a small fraction of an RF 
period) is required. In this work, we develop a novel two-way time 
transfer (TWTT) synchronization protocol [1-2] that can achieve 
picoseconds-level accuracy while maintaining low-size, weight, 
power, and cost (SWaP-C). This protocol will be in turn used with a 
Synthetic Aperture Source Localization (SASL) [3] method to locate 
radio frequency (RF) wireless sources. SASL is a coherent emitter 
localization method for directly computing spectrum spatial maps 
with as little as two synchronized sensors. Our work is to develop a 
low-SWaP-C TWTT system suitable for low-cost SDR deployments & 
capable of achieving picosecond time/phase synchronization.
Distributed sensor array: The SASL sensor network comprises only 
two spatially distributed sensors, called “Primary” and “Secondary”, 
each containing an FPGA, a transmit/receive radio, and an antenna. 
They cooperatively perform the TWTT protocol to correct for phase 
and frequency offsets/drift, and establish a global start time for the 
SASL algorithm.
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Conclusion and Discussion
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• Outdoor validation of incoherent SASL algorithm localized emitter with 
accuracy of 18 ft (5.5 m) and demonstrated <10ns alignment in a complex 
outdoor channel.

• Completed theoretical & simulation model of the system to understand 
unique requirements of practical down-converting radios (i.e., not direct-
RF sampled).

• Next steps: complete precision phase alignment (~10’s ps) & validate 
coherent SASL.
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Precision synchronization is a requirement for many emerging 

applications such as distributed beamforming, geopositioning

and cellular networks. However, the low accuracy of current 

synchronization standards limit the above approaches
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KEY VARIABLES
• Δ𝜙: phase offset between the local oscillator of the 

Primary and Secondary radios.
• Δ𝑓𝑐 : frequency offset.
• ෢Δ𝑓𝑐 : estimated frequency offset.
• Coarse-tune (CT) pulse: gold code emitted by the 

Primary. The Secondary aligns its time reference 
with the received CT pulse.

• Δ𝑡: difference of start time between the Primary and 
Secondary at the start of the protocol.

• Carrier-frequency-offset (CFO) signal: 1 + 0𝑗. Used by 
a 2nd order PLL to find ෢Δ𝑓𝑐.

• Fine-tune (FT) pulse: LFM emitted by the secondary.
• 𝛾: phase adjustment factor correcting for Δ𝜙. It is 

found by the matched filter (MF).

EXPERIMENTAL RESULTS

• Δ𝜙: phase offset between the local oscillator and 

the primary and secondary radios

• 𝛾: phase adjustment factor

• Δ𝑓𝑐: frequency offset

• ෢Δ𝑓𝑐: frequency offset estimate

KEY 

- corrects for Δ𝜙

- Found by output of MF

- corrects for Δ𝑓𝑐
- Found by CFO and PLL

OVER-THE-AIR 
EXPERIMENT

SASL MAPPING 
MEASUREMENT[2]

• 𝑅 = 50 ft (15 m).
• 𝑁 = 21.
• 𝜃 = 30 deg.
• Clock period of the FPGAs: 𝑇𝑐𝑙𝑘 = 10 ns.
• Carrier frequency: 𝑓𝐶 = 5.7875 GHz.
• Duration of synchronization protocol: 28 us (repeats every 1.3 ms).
• Bandwidth: 30 MHz.

KEY PARAMETERS
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• 𝑤1(𝑡) and 𝑤2(𝑡): down-converted 
synchronous waveforms received by the 
Primary and Secondary respectively.

• 𝜏𝑝, 𝜏𝑠: propagation delay from the emitter 
to the Primary and Secondary
respectively.

• 𝑓𝑈𝐵 = 5.8175 GHz upper band edge of 
upconverted received waveforms.

• 𝑊 = 2.56 𝜇s is the duration of the received 
waveform.

• Δ𝑡𝑓 = Δ𝑡 mod 𝑇𝑐𝑙𝑘 : fractional clock offset 
between the FPGAs.

• 𝐶(𝑚, 𝜏𝑝, 𝜏𝑠, Δ𝑡𝑐𝑙𝑘) ≈ 𝑊.
• 𝑡𝑠𝑡𝑎𝑟𝑡,𝑝(𝑚, 𝜏𝑝) and 𝑡𝑠𝑡𝑎𝑟𝑡,𝑠(𝑚, 𝜏𝑝) are the 

start time of the received waveforms on 
the Primary and Secondary respectively.

Time-reversal
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