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BACKGROUND & PROBLEM STATEMENT
➢ Traditional distance sensing Pulse and FMCW radars require ultra-wide bandwidth  

➢ Emerging SDR technology with limited bandwidth (not feasible for distance radar)

➢ MFCW - Two channel narrowband interferometry radar technology using SDR was introduced in GRC2020

➢ Distance sensing accuracy limited by leakage from transmitter to receiver integrated in the same SDR module 

➢ Major improvement in distance sensing accuracy by introducing software-based leakage cancellation

• MFCW radar: two different frequencies of CW waves with 

slightly-different wavelengths

• For a specific distance, the phase difference between the two 

frequencies is used to determine the distance of the object.
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BASIC MFCW RADAR SOFTWARE FRAMEWORK

➢ Radar algorithm developed with GNU Radio flowchart-based software

➢ Two channels transmit and receive (2.5 and 2.4GHz), phase deltas used for distance sensing

➢ Speed sensing is implemented through a low pass filter and FFT spectrum analysis block 
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PROBLEM WITH DIRECT PHASE SUBTRACTION ALGORITHM

➢Radar accuracy is tested by moving target in 1cm increments

➢Originally used direct linear phase subtraction

➢Erroneous results showing negative distance as a result of direct linear subtraction of two phases 

measured from two radar channels

➢Need to develop a more sophisticated algorithm to correct erroneous output
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Issue with the direct subtract algorithm: 

𝜙1 𝑑𝑜𝑚𝑎𝑖𝑛
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[-2𝜋, 0) [0, 2𝜋]

Erroneous data

𝜙1 −𝜙2



MFCW RADAR DISTANCE TEST (BEFORE LEAKAGE COMPENSATION)

𝐶ℎ. 𝐴: 𝐴′𝑒𝑖(𝜙1)

𝐶ℎ. 𝐵: 𝐴′′𝑒𝑖(𝜙2)

𝐴′′′𝑒𝑖(𝜙2−𝜙2)

(𝜙2 − 𝜙2)

2π + (𝜙2 − 𝜙2)

Shift ∆∅ to [0, 2π] range

R =
𝑐∆∅

4𝜋∆𝑓

Created an algorithm without erroneous 
negative distance:  Modulo [(2π+ (𝜙2 − 𝜙2)), 2π]

Using complex “Multiply Conjugate” instead of 
linear subtraction: 𝑒𝑖(𝜙1) ∗ 𝑒𝑖(−𝜙2) = 𝑒𝑖(𝜙2−𝜙2)

Measured distance showed periodic oscillation

Dual SDR MFCW radar achieved distance 
measurement accuracy of 25cm

R=
𝑐∆∅

4𝜋∆𝑓
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[-𝜋, 0)[0, 𝜋]

Correct data

∆∅ 𝑓𝑟𝑜𝑚 𝑒𝑖(𝜙2−𝜙2)

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑠𝑒: ∆∅ = ∆∅ + 2𝜋

𝑀𝑜𝑑𝑢𝑙𝑜 𝑠ℎ𝑖𝑓𝑡 𝑣𝑎𝑙𝑢𝑒
> 2𝜋 𝑑𝑜𝑤𝑛 𝑏𝑦 2𝜋

Algorithm developed without erroneous output: 



SIMULATE THE IMPACT OF THE LEAKAGE SIGNAL

➢ Use the simulation capabilities in GNU Radio Companion to inject adjustable percentage of leakage 

➢ Simulation result indicated a strong 50% leakage will create the 25cm distance error observed  

Simulation program in GNU Radio Companion

Note: Cross channel leakage data simulation also produced similar impacts (see paper for details)



LEAKAGE COMPENSATION TECHNIQUES

➢ Add an open-air leakage calibration step with target removed (only leakage feeding the Rx)

➢ Because these leakage signals are the same frequency as the 5.21kHz signal used to modulate the 

two SDR, we can simply add a new offset signal equal in amplitude, but 180° phase shifted.

Compensation signal with amplitude and phase control by GNU 

Range Sliders during the open-air calibration.

Open air calibration with target removed



• To quantify the single channel leakage, the received Rx signal 

after leakage cancellation and the leakage amplitude are plotted in 

comparison

• Significant leakage detected, as much as 20-45% of the amplitude 

(-14dB leakage in channel A and -6.9dB leakage in channel B)

• Explained that compensation is necessary to achieve accurate 

phase measurements

• In MFCW, cross channel leakage is negligibly small (as the SDRs 

are transmitting and receiving distinct frequencies)

• Dominant leakage is single channel leakage from the Tx to Rx 

within the same SDR. 

LEAKAGE QUANTIFIED



MFCW RADAR DISTANCE TEST (AFTER LEAKAGE COMPENSATION)

Within near-end 50cm range accuracy, 
superior single digit accuracy is achieved. 

With leakage compensation distance sensing 
accuracy significantly improved to 12cm

Open air leakage calibration/cancellation 
successfully flattened out the leakage signal



BEFORE AND AFTER LEAKAGE COMPENSATION



RADAR VELOCITY SENSING TEST

Radar detected larger frequency shift with fan turning on highest 

speed (v=5.0m/s). Shift frequency disappears when fan is turned 

off and becomes negative when reverse the fan direction.

➢ Using spinning fan blades to emulate an object of 

constant velocity moving toward or away from radar

➢ Computed frequency shift using FFT and displayed in 

“Waterfall” format (spectrum in time lapse manner) 

𝑓𝑠ℎ𝑖𝑓𝑡 = 𝑓𝑟 − 𝑓𝑡 = 2v
𝑓𝑟
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CONCLUSION

• New multi-channel interferometry radar solution: This project demonstrated that distance sensing 

is indeed possible using very bandwidth-limited low cost SDR 

• Five magnitudes less bandwidth usage: This first MFCW distance sensing radar using low cost 

SDR achieved range resolution of 12cm while only using a few KHz BW. In comparison, a 

traditional Pulse or FMCW radar would have to use almost 1GHz BW to achieve that resolution. 

• SDR phase measurement accuracy challenge: SDR with both an RF transmitter and a receiver 

integrated in the same module has inevitable leakage from transmit into the receive path, 

creating unintended non-linear distortion in phase measurement.

• New algorithm developed for leakage cancellation: By applying a negative image of the 

leakage signal in GNU Radio, a successful spectrum leakage cancellation was demonstrated, 

enhancing radar distance sensing accuracy to 12cm (comparable to the wavelength of 2.5GHz 

signal used) 
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