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1. Introduction

Two-way ranging (TWR) is a popular radio frequency (RF) ranging method for
low-cost and low-power devices as it removes the need for expensive clock refer-
ences and synchronization hardware.1 The simplicity of the protocol allows ranging
measurements to be integrated into low-power devices such as unmanned aerial ve-
hicles and embedded sensor nodes. Localization algorithms can use ranging mea-
surements to provide positioning2–5 in scenarios where localization is traditionally
difficult and global positioning system (GPS) may be unavailable.

Software-defined radio (SDR) implementations are a way to further simplify the
problem of integrating various system components by defining radio physical and
network layer functionality in simple software interfaces that run on a wide vari-
ety of hardware from low-power embedded processors to high-power x86 work-
stations. The SDR implementation can be expanded or modified and redeployed
quickly without any direct hardware changes to the radio. In previous research, the
US Army Combat Capabilities Development Command Army Research Laboratory
used the versatility of SDRs for custom telemetry applications6–9 and RF angle of
arrival measurement.10

In this report we discuss the implementation of a custom TWR protocol using
the Ettus Research Universal Software Radio Peripheral (USRP) Hardware Driver
(UHD) on the embedded series E312 and the bus series B200 devices.11 The remain-
der of this report is structured as follows: Section 2 briefly discusses the theory of
TWR using RF signals. Section 3 describes the SDR hardware used in this research
and their host software interfaces. Section 4 discusses the foundational implemen-
tation concerns of timed transmission in a UHD context. Section 5 explains the
methods of constructing a useful ranging signal for RF TWR. Section 6 discusses
the system’s modulation scheme for a low-power embedded system. Section 7 dis-
cusses the critical problem of SDR hardware delays and a method to overcome them
using a calibration procedure. Section 8 details the TWR protocol from the trans-
mitter device perspective. Section 9 explains the TWR protocol from the receiver
device perspective. Section 10 describes the final range calculation procedure on the
transmitter. Section 11 details two experiments used to quantify the performance of
the TWR method and compares these results to simulation. Performance problems
are identified and methods to address them are discussed. Section 12 summarizes
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the research and outlines key research questions to address in future work.

2. Overview of TWR

A TWR protocol is a conceptually simple ranging procedure that measures the dis-
tance between two devices using the time it takes a message traveling the speed of
light c ≈ 3 × 108 m/s to make a round trip from one agent to the other and back
again. The procedure can be expressed mathematically for two devices A and B as

dTWR =
tAB + tBA

2
× c, (1)

where the travel time in seconds from device A to device B is tAB and the travel
time in seconds from device B to device A is tBA. Unless device B is a perfect
reflector (i.e., it can reflect the incoming ranging signal instantly), there will be
some processing delay tp on device B before a response is sent back to A. This
changes our TWR equation to

d̃TWR =
tAB + tp + tBA

2
× c. (2)

Obviously, tp is a source of error in the range calculation unless compensated for by
the transmitter device A. The most straightforward approach is to set tp to a known
value by introducing a fixed delay that gives enough time for processing. tp can then
simply be removed after the response has been received by

d̂TWR =
tAB + tp/B + tBA − tp/A

2
× c. (3)

The processing delay applied by device B is tp/B and the same time offset sub-
sequently removed by device A is tp/A. If the two tp times do not match exactly,
ranging error will occur. An illustration of a simple TWR protocol can be seen in
Fig. 1.

The most attractive feature of TWR is the removal of time synchronization require-
ments and highly accurate time references. One-way ranging or time of flight proto-
cols like those used in GPS outfit the transmitting satellites with extremely accurate
atomic clocks because of this requirement. By using TWR, both transmitting and
receiving devices can have inexpensive commercial oscillators.

The consequence of unsynchronized ranging devices is that the sample clocks and

2



Fig. 1 Illustration of a simple TWR protocol

local times of each device are not guaranteed to be aligned in any way, requiring
some additional processing to compensate for this discrepancy.12 This compensa-
tion can be achieved by the receiver/responder device, without simultaneous trans-
mission,13 by applying a simple circular shift to the incoming ranging signal before
responding. If the mathematical representation of clock phase offset is θclk and the
phase difference caused by the travel time tAB is θAB the circular shifting operation
can be described as

xshift = xej(θAB+θclk) (4)

where the baseband received, demodulated ranging message is x. The transmitter,
who has a clock phase offset of −θclk relative to the receiver/responder, will remove
this offset after sampling and downconversion to baseband, leaving θAB and θBA

present in the demodulated response. If xAB is the transmitted ranging signal, then
the received ranging signal xBA can be described as

xBA = xABe
j(θAB+θBA). (5)

The total round-trip phase difference θtot = θAB + θBA can be resolved in the range
[−π, π). θtot can be computed from the phase difference of the received signal xBA

relative to a xref signal in the frequency domain using a real-valued discrete Fourier
transform (DFT) according to

θtot = atan(max(XBA))− atan(max(Xref )), (6)

3



where XBA and Xref are the frequency domain representations of xAB and xref

respectively, given by

X[k] =
N−1∑
n=0

x[n]e−
2πi
N

kn, (7)

where {0 ≤ k ≤ 2/N − 1} since the real valued DFT is even symmetric. Since this
phase difference does not give sample delay information, which is needed to resolve
the time difference according to our sample rate, the phase change resulting from a
single sample offset, θsingle, is computed offline to resolve the total phase in terms of
fractional samples. Using this variable, the phase total can be converted to factional
samples using sphase = θtot/θsingle and converted to time using the sampling rate
Fs by tphase = sphase/Fs. Thus, if we assume processing delay is accounted for as
in equation 3, the TWR distance with clock phase correction (CPC) is

dCPC =
tphase
2

× c. (8)

If the phase calculations are not accurate, large range errors can occur. The most
common sources of error in these calculations can be attributed to noise and mul-
tipath channel effects,14,15 but sample quantization and machine precision can also
play a part.16 An illustration of the basics of CPC TWR can be seen in Fig. 2.

Fig. 2 Illustration of CPC on a square wave ranging signal. The top signal is the initial message
from device A. The next signal is at device B, which includes the phase offset due to the travel
time from A to B and a clock offset. The bottom signal is the returned signal at device A with
the clock offset removed.
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3. USRP Hardware Overview

The SDR hardware used in this report consists of the Ettus USRP B200 as well as
the E312. Both devices are capable of tuning to a center frequency from 70 MHz to
6 GHz allowing them to cover most licensed and unlicensed frequency bands. The
analog devices AD9364 and AD9361 radio frequency integrated circuits (RFICs)
on the B200 and E312, respectively, are capable of up to 56-MHz instantaneous
bandwidth while the on-board Xilinx field-programmable gate arrays (FPGAs) are
capable of streaming up to 61.44 megasamples per seconds (MSps). The high-level
block diagram of both RFICs can be seen in Fig. 3 and Fig. 4. We can see from these
diagrams that the AD9361 in the E312 is also capable of phase-coherent multiple-
input multiple-output operation thanks to the common local oscillator connection
on the two TX and two RX ports.

The B200 device uses a SuperSpeed USB3 bus connection and requires a host com-
puter to perform baseband signal processing while the E312 is equipped with an
on-board ARM Cortex A9 dual-core CPU processor clocked at 866 MHz. There-
fore, the actual baseband signal bandwidth is limited by the transport connection
between the SDR device and the host processor. The USB3 protocol max transfer
rate of 5 Gbps allows for up to 100 MSps while the AXI connection to the ARM
processor is limited to 10 MSps. Lastly, the host CPU is the final limiting factor in
signal bandwidth, limiting the sample rate based on the processor’s ability to read
samples from the transport and apply baseband signal processing. The system level
block diagrams for both the B200 and E312 devices can be seen in Fig. 5 and Fig. 6,
respectively.

For this report, we found that the host CPU on the E312 limits the sample rate to
around 2 MSps for any significant signal processing tasks, such as TWR. Higher
sample rates are possible on a host x86 CPU using the B200 devices, but signal
processing problems discussed later in Section 11 limit their usefulness.
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Fig. 3 Block diagram of the analog device AD9364 RFIC17

Fig. 4 Block diagram of the analog device AD9361 RFIC17
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Fig. 5 Block diagram of the USRP B200 device18

Fig. 6 Block diagram of the USRP E312 device19
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4. Timed Sampling in UHD

Being able to reliably transmit and receive from a USRP device at a given local ref-
erence time is the most fundamental functionality needed to begin implementing a
TWR system on the UHD platform. The tx_metadata_t structure holds trans-
mission burst information important to the USRP radio. The metadata parameters
and their functions can be seen in Table 1.

Table 1 Transmit metadata parameters in UHD

Parameter Description

start_of_burst Identify if a transport packet is the beginning of a transmission burst.
end_of_burst Identify if a transport packet is the end of a transmission burst.
has_time_spec Identify if this burst should be sent at a given time or sent immediately.

time_spec Specifies the local device time at which to send the data packet.

From the table, we can see that a tx_metadata_t structure with
has_time_spec set to True and time_spec set to a specific tx_time is
sufficient to alert the radio that a packet burst is required to leave the FPGA for the
RF front-end (RFFE) at a specified time. Additionally, depending on the length of
the data packet and the samples per transport packet (spp), the first spp samples
should have start_of_burst set to True and end_of_burst set to False
while the last spp samples should be the opposite. The metadata is sent as an
argument to the UHD send() function, which sends up to spp samples at a time
to the USRP radio via the tx_streamer interface.

On the receive side, instead of sending metadata to the stream interface, the stream
interface creates its own metadata in the form of rx_metadata_t. Therefore, a
stream command is sent to the receive chain beforehand in the form of
stream_cmd_t. The UHD stream command parameters are shown in Table 2.

Table 2 Stream command parameters in UHD

Parameter Description

stream_mode Identify the sample streaming mode, either continuous or burst mode.
stream_now Identify if streaming should start now or wait for a time_spec.
time_spec Specifies the local device time at which to send the data packet.
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Once a stream command is issued via issue_stream_cmd(), the recv()

function should be called via the rx_streamer before the specificed time_spec
in order to avoid a late command condition. The rx_metadata_t parameters
filled in by the recv() function are the same as tx_metadata_t with the ad-
ditions shown in Table 3. The rx_metadata_t end_of_burst parameter is
useful for guaranteeing all samples have been received from the radio.

Table 3 Additional parameters in receive metadata in UHD

Parameter Description

more_fragments True if the buffer has insufficient size to hold a full transport packet.
fragment_offset Identifies the sample number at which the next fragment begins.

error_code Identifies any errors in the receive chain.

Since the timed sampling is handled in the USRP FPGA, there is a delay between
when the USRP sends the in-phase/quadrature (IQ) samples to the RFFE and when
the samples actually leave the antenna. Correspondingly, on the receive side, there is
a delay between the USRP initializing the timed sample buffers in the FPGA and the
transmitted samples arriving at the antenna and travelling to the FPGA. Intuitively,
this delay is proportional to the master clock rate of the FPGA hardware. Through
experimental testing, we found that the delay is fixed between power cycles of the
device but may be different between each radio. The calibration procedures to ac-
count for these delays are discussed later in Section 7. An illustration of the time
delay caused by this UHD inplementation can be seen in Fig. 7.
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Fig. 7 Illustration of the time delays seen in the SDR caused by the RFFE

5. Ranging Signal Construction

The ranging signal used in a TWR protocol should have good autocorrelation prop-
erties such that it is easy to time align the incoming signal to a known copy of
itself. This property will aid in accurately measuring the return delay for distance
calculations. In addition, the signal should also be highly orthogonal to other rang-
ing codes if other ranging devices are sharing the same broadcast channel. Linear
feedback shift register (LFSR) based pseudo-noise (PN) sequences known as Gold
sequences20,21 meet these criteria and are also used in GPS ranging22 and code divi-
sion multiple access wireless communication protocols.23 For simplicity, our TWR
protocol uses the Course/Aquisition (C/A) code used in GPS ranging. The discrete
C/A code is computed using the exclusive or (⊕) on two LFSR maximum length
sequence codes in the form

C/Ai[n] = A[n]⊕B[n− di], (9)

where {0 ≤ n ≤ 1023}, the ith C/A code is C/Ai, the output of the first LFSR
with generator polynomial x10 + x3 + 1 is A, and the output of the second LFSR
with generator polynomial x10 + x9 + x8 + x6 + x3 + x2 + 1 is B. Both LFSRs
A and B have the initial state 11111111112. The delay di is designated in the GPS
specifications for each specific C/A code.24
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6. Modulation Technique

When choosing a modulation technique, it is important to consider all of the system
requirements in order to balance throughput, channel bandwidth, complexity, and
implementation effort. Since the hardware on this system is a low-power embedded
device that cannot handle heavy computational loads, a low-complexity modula-
tion scheme is necessary for acceptable ranging rates. Therefore, the modulation
method chosen for this system is Gaussian frequency shift keying (GFSK), which
is a popular digital modulation used in many low-power protocols like Bluetooth.25

Let the discrete binary information signal to be modulated be x[n]. The signal is
first converted to non-return to zero (NRZ) format by xNRZ [n] = 2x[n] − 1 and
then filtered through a polyphase interpolating finite impulse response Gaussian
filter, which applies sps samples per information bit. It is created by sampling a
continuous-time filter with impulse response

h(t) =

√
π

a
e−

π2t2

a2 , (10)

where a is related to the filter roll-off BT by

a =
1

BT

√
log2
2

. (11)

The filtering procedure is done by time-domain discrete convolution given by

m[n] = (x ∗ h) =
M∑

m=−M

x[n−m]h[m], (12)

where M is the overlap size. The Gaussian filtering reduces the out-of-band power
in the frequency domain of the transmitted signal by smoothing the discrete jumps
in frequency caused by the digital signal at the expense of inter-symbol interference.
The filtered interpolated signal is then frequency modulated in the form

ϕ[n] = k

N−1∑
n=0

m[n], (13)

and converted to polar form by θ[n] = cos(ϕ[n]) + sin(ϕ[n])i. The sensitivity of
the modulator is the constant k which changes the total phase deviation on the final
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output signal.

The GFSK demodulation procedure used in our system is quadrature demodulation
in the form

m̂[n] = arctan(ϕ̂[n+ 1]ϕ̂[n]∗) (14)

where the complex conjugate of the received signal is ϕ̂[n]∗ and arctan is the four-
quadrant atan function.26 Before quadrature demodulation, a low-pass filter (LPF)
is applied to the incoming signal to remove excess noise outside of the signal band-
width. Since the signal is not oversampled at the receiver, the LPF’s sample rate is
Fs and the cutoff frequency is Fs/sps with a transition width of 100 Hz and 30-dB
attenuation.

To recover the binary information, if needed, a low-pass decimation filter is applied
and sliced at the 0 crossing, which will extract our estimate x̂[n].

7. Loopback Calibration Procedure

To have a reliable TWR protocol, knowledge of when a ranging message leaves
and arrives at the USRP radio hardware is needed to, ideally, nanosecond precision.
Since the concept of SDR development is to abstract out the radio hardware as much
as possible, this is a challenging design problem.

As discussed in Section 4, timed transmit and receive functionality built into the
UHD driver alone is not sufficient to meet the nanosecond precision design require-
ments. Therefore, careful calibration of the individual devices is needed to zero out
the delays in the transmit and receive chains as accurately as possible. A loopback
calibration procedure attempts to compensate for two types of error in the hard-
ware 1) sample offset and 2) phase offset. The sample offset is easily found by first
tuning the USRP transmit frequency to the receive frequency and transmitting a
known ranging message at a given device time txrx_time and receiving at the
same time. The receiver buffer of raw IQ samples, which contains the ranging mes-
sage, is then correlated in the time domain with a saved template of the transmitted
ranging message IQ samples according to the equation

corr[n] = (f ⋆ g) =
M∑

m=−M

f ∗[m]g[m+ n], (15)
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where (·)∗ denotes the complex conjugate. The sample index of the maximum value
of corr[n] is the lag in samples between the ranging message IQ f and the received
sample buffer g. This lag is the transmit and receive offset in absolute samples
inside the receive buffer. Once the sample offset is identified, the received ranging
message is extracted, demodulated, and sample-aligned to a demodulated reference
ranging message. The phases of the two demodulated signals f̂ and ĝ are computed
in the frequency domain similar to Eq. 4 in Section 2 by first converting the signals
to the frequency domain and then finding the phase angle of the maximum value of
the DFT as

θ̂F = atan(max(F̂ [k])). (16)

The angle difference can then be found by the difference θ̂F − θ̂G. This result is the
subsample round-trip loopback phase delay. These two intrinsic round-trip delays
are saved to a global structure ranging_struct and used in the range calcula-
tions. By modifying our TWR distance calculation after CPC from Eq. 8 to include
calibration correction from both devices A and B, we get

dCPC,cal =
tphase + tB,cal − tA,cal

2
× c, (17)

where tA,cal and tB,cal are the intrinsic phase offsets for devices A and B, respec-
tively. The calibration phase from device B is added to the range calculation in-
stead of subtracted to account for the circular shift applied according to Eq. 4 from
Section 2. The absolute sample offset is removed from the received response mes-
sage before the range is calculated and the receiver/responder simply sends its re-
sponse intrinsic_sample_offset/Ts fractional seconds early, where Ts is
the sampling period. Detailed transmit and receive procedures are explained further
in Sections 8 and 9.

An overview of these parameters is shown in Table 4, and the simple block diagram
of the loopback calibration procedure is shown in Fig. 8. The dashed lines are saved
variables from Table 4 and the solid lines are logic flow.

13



Table 4 Intrinsic loopback calibration offset parameters saved in the ranging structure

Parameter Description

intrinsic_sample_offset Absolute sample offset in loopback configuration.
intrinsic_phase_offset Phase offset in loopback configuration.

Fig. 8 Block diagram of the loopback calibration procedure

8. Transmitter Procedure

The TWR transmitter is responsible for transmitting a known ranging message, re-
ceiving a response ranging message, computing, and saving all relevant information
needed for accurate ranging calculations.

The transmitter sends the ranging message at a local device time tx_time and
begins receiving IQ samples at an rx_time, which is equal to tx_time plus a
known delay agreed upon between the transmitter and receiver. The received mes-
sage is correlated in the time domain with a template ranging message IQ signal to
extract the lag in samples and verify that a response was actually received. Addition-
ally, the magnitude of the peak of the complex correlation is saved and compared to
the product of the template energy and received signal energy to provide a reliability
estimate. This estimate in percent is computed according to

reliability = 100× |max(corr(f, g)|
E[f ]E[g]

, (18)

where E[·] is the expected value, f is the the received ranging message, and g is the
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received sample buffer as in Section 7. The received ranging message is extracted,
demodulated, and sample-aligned to the earliest expected sample,
intrinsic_sample_offset. The two demodulated signals’ phases are com-
puted in the frequency domain and then the difference is calculated. This difference
is the overall phase delay without calibration correction applied for device A. The
information of the round trip at the transmitter is shown in Table 5. The TWR trans-
mitter procedure block diagram is shown in Fig. 9.

Table 5 Round-trip parameters saved into the ranging structure by the transmitter

Parameter Description

tx_time Local device time in seconds the ranging message is sent.
rx_time Local device time in seconds the ranging message is received.

known_delay
Expected delay in seconds before a response is expected from the
receiver/responder.

transmit_interval Delay in seconds between transmit bursts.

overall_sample_offset
The total sample offset in the receive buffer where the received
range message is located.

overall_phase_offset
Total phase diff. between a local demod. ranging message and the
received demod. signal.

corr_norm
Norm of the max correlation between the local range message
and RX IQ samples.

reliability The estimated reliability of the range measurement.
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Fig. 9 Block diagram of the ranging transmitter procedure

9. Receiver Procedure

The TWR receiver is responsible for detecting a known range message, computing
and compensating for any intrinsic sample and phase delay contributed by the de-
vice, and responding to the range request after a known delay agreed upon by both
the transmitter and receiver.

The receiver has two main receiver modes, unlocked and locked. In the unlocked
mode the receiver is waiting for an initial ranging message to be transmitted over the
channel. The receiver continuously streams samples from the radio while polling
the received signal strength indicator (RSSI) sensor on the USRP device. If an RSSI
above the noise floor is detected, the receiver checks the buffer via time domain cor-
relation to see if a range message was in the packet. If no message is detected, the
receiver continues receiving packets until a range message is found or a long time-
out is reached. This unlocked mode is used to avoid as much processing between
transport packets as possible, therefore increasing the maximum achievable sample
rate of the system by avoiding overflow conditions. The unlocked mode receiver
block diagram is shown in Fig. 10.

When a ranging message is found in a receive buffer, the receiver goes into locked
mode. In locked mode, the receiver expects a range request at known intervals
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Fig. 10 Block diagram of the unlocked ranging receiver procedure

agreed upon between the transmitter and receiver relative to the first received mes-
sage. The locked mode restricts received samples to a few packets, which most
likely contain the range message. This greatly reduces receiver overhead and al-
lows for an increased ranging interval. If the receiver misses a predefined number
of range requests, it returns to unlocked mode, waiting for any attempt to re-lock
with the transmitter. The locked mode receiver block diagram can be seen in Fig. 11.

Regardless of a locked or unlocked condition, the receiver must process any in-
coming ranging message and respond after the appropriate known_delay. The
received ranging message from the transmitter is correlated in the time domain
with a template ranging message IQ signal to extract the lag in samples. The re-
ceived ranging message is extracted, demodulated, and sample-aligned to a de-
modulated template ranging message. The two demodulated signals’ phases are
computed in the frequency domain, and then the difference is computed. This dif-
ference is the overall phase delay and sample clock phase offset without calibra-
tion correction. The time of retransmission is carefully computed as rx_time
+ lag_in_sec + known_delay − intrinsic_sample_offset. The
intrinsic_sample_offset is the sample delay computed in Section 7 dur-
ing loopback calibration.

In order to compensate for the phase offset in retransmission, a known ranging

17



Fig. 11 Block diagram of the locked ranging receiver procedure

message is phase shifted according to overall_phase_offset +

intrinsic_phase_offset before modulation and retransmitted according to
Eq. 4. This procedure allows the TWR device’s response to be as close to the origi-
nal message as possible without incurring noise enhancement from simple loopback
retransmission.

10. Range Calculation

At the transmitter, after all information in Table 5 is saved to memory, the range
can be calculated. The range calculation is done by first applying the calibration
correction according to

θrange = overall_phase_offset− intrinsic_phase_offset, (19)

then converting phase to fractional samples

srange = θrange/θsingle, (20)

then converting to round trip time

rtrange = srange/Fs, (21)
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and finally to one-way distance

drange =
rtrange

2
× c. (22)

The distance in meters calculated here is equal to dCPC,cal in Section 7.

11. Experimental Results

In order to verify the accuracy of the SDR TWR method described in this report,
we simulate the ranging system without the SDR-specific loopback calibration de-
scribed in Section 7 and compare the results to a controlled, wired experiment using
a slow-ranging rate of 1 Hz. The system parameters used in the simulation and the
controlled experiment can be seen in Table 6. Our receive LPF (used before phase
comparison) has an aggressive cutoff frequency of 250 kHz. This is done to remove
as much noise power as possible from the baseband signal to improve phase accu-
racy. The devices used in this initial experiment are the USRP B200 devices seen in
Fig. 13.

Table 6 Controlled experiment system parameters

Parameter Value

Ranging device B200
Sample rate 2 MHz
Symbol rate 1 MHz
Modulation GFSK

Samples per symbol 2
Modulation sensitivity 2
Gaussian filter length 8

Center frequency 2.5 GHz
PN sequence Gold code

PN maximal length 1023 bits
Truncated PN length 400 bits
Signal-to-noise ratio 15 dB
Receive LPF cutoff 250 kHz

Ranging rate 1 Hz

The trials in the controlled test vary cable lengths to mimic different real-world dis-
tance measurements without the effects of the channel. Figures 14, 15, 18, 19, 22, 23,
26, 27 correspond to the experimental trials while Figs. 16, 17, 20, 21, 24, 25, 28, 29
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Fig. 12 The USRP E312 devices used for experimentation

are the simulated trials.

Compared to the simulated trials, the experimental trials have larger variations in
the distance estimates; however, the root mean square error (RMSE) and standard
deviation (std) are still very close. In Fig. 30 the mean distance of all the trials
compared to the true distance is shown. We can see that the experimental system
follows simulation closely; however, there is still a significant error compared to the
true distances. The long-range trial of about 19 m also shows an increased RMSE
over the shorter distances.

This behavior was found to be related to the correlation properties of the Gold
codes described previously in Section 5. The M-Sequences used to construct the
code have optimum correlation properties only at their maximum length.21 Since we
truncated the 1023 length code to 400, our phase calculations exhibit an increasing
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Fig. 13 The USRP B200 devices used for experimentation

error as the transmitted ranging sequence is further out of phase with the reference
sequence. To fix this problem, we transmit a new Gold code sequence with length
511 following the same method as Eq. 9 with order 9 polynomials x9 + x4 + 1 and
x9+x6+x4+x3+1. By simulation, we show that using a full length Gold sequence
reduces our error considerably at longer distances. In Fig. 31 and Fig. 32 we can
see the distance estimates and errors of both the truncated code and full code.

Figures 33 and 34 show experimental results using the new codes at 18.92 m. In-
terestingly, there was no improvement in RMSE while the standard deviation was
significantly reduced. The variation in distance in this test was caused by the test
being conducted after a cold start of the device. We believe that the reason the im-
proved codes did not show the same RMSE performance as simulation is related
to the frequency offset and phase noise between the devices. The frequency off-
set applies a constant phase error across the whole length of the ranging sequence
while phase noise applies a varying phase error over the ranging sequence. Both
of these phenomena are dependent on the carrier frequency and the sample rate of
the system. We verified this experimentally by noticing that shorter length codes
show higher reliability than longer codes during ranging while staying the same
during loopback calibration. This can only be explained by the differences in the
oscillators in the two radios. Therefore, the length of ranging code, without receiver
correction, is limited by the performance of the device’s internal reference phase
lock loop (PLL). Experimentally, we found that the ranging code length detection
limit is about 1000 samples for the B200 devices and 800 samples for the E312
devices at 2-MHz sample rate. Intuitively, as the sample rate increases, the useful
code length also decreases proportionally. Further research is needed to determine
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if frequency offset and phase error can be corrected at the receiver.27

Fig. 14 Experimental TWR distance estimate samples compared to the true distance of 1.55
m

Fig. 15 Experimental TWR distance estimate sample errors for a distance of 1.55 m
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Fig. 16 Simulation TWR distance estimate samples compared to the true distance of 1.55 m

Fig. 17 Simulation TWR distance estimate sample errors for a distance of 1.55 m
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Fig. 18 Experimental TWR distance estimate samples compared to the true distance of 2.46
m

Fig. 19 Experimental TWR distance estimate sample errors for a distance of 2.46 m
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Fig. 20 Simulation TWR distance estimate samples compared to the true distance of 2.46 m

Fig. 21 Simulation TWR distance estimate sample errors for a distance of 2.46 m
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Fig. 22 Experimental TWR distance estimate samples compared to the true distance of 3.68
m

Fig. 23 Experimental TWR distance estimate sample errors for a distance of 3.68 m
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Fig. 24 Simulation TWR distance estimate samples compared to the true distance of 3.68 m

Fig. 25 Simulation TWR distance estimate sample errors for a distance of 3.68 m
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Fig. 26 Experimental TWR distance estimate samples compared to the true distance of 18.92
m

Fig. 27 Experimental TWR distance estimate sample errors for a distance of 18.92 m
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Fig. 28 Simulation TWR distance estimate samples compared to the true distance of 18.92 m

Fig. 29 Simulation TWR distance estimate sample errors for a distance of 18.92 m
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Fig. 30 Experimental and simulation distance estimate mean compared to the true distance
for all trials

Fig. 31 Simulation TWR distance estimate samples compared to the true distance of 18.92 m
for 400 length and 511 length Gold codes
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Fig. 32 Simulation TWR distance estimate sample errors for a distance of 18.92 m for 400
length and 511 length Gold codes

Fig. 33 Experimental TWR distance estimate samples compared to the true distance of 18.92
m using 511 maximal length Gold codes
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Fig. 34 Experimental TWR distance estimate sample errors for a distance of 18.92 m using
511 maximal length Gold codes

We performed a second test to evaluate the performance of the TWR system in a
multipath environment. The satellite image of the outdoor test location can be seen
in Fig. 35. The procedure used for the test is as follows: the transmitter E312 device
labeled TX in Fig. 12 is placed at the start location, and the receiver E312 device
labeled RX in Fig. 12 is moved from 1 m away from the transmitter out 62.5 m
to the designated end location and then returned to the start location. The relevant
system parameters used in this outdoor test can be seen in Table 7. To simulate
the multipath channel in our simulated system, we use a Rician line-of-sight (LOS)
model using a tapped delay line with taps at 0, 10 and 20 µs with power in decibels
of 0, −11.4 and −15.2, respectively. Lastly, the Rician K-Factor was set to 9 to
ensure a strong LOS path to the simulated devices. We can see in Fig. 36 that the
multipath channel causes the correlation detector to miss the LOS path much of the
time. This behavior roughly matches our simulation in Fig. 37 although with less
frequency.

In order to easily filter out the missed detections, we can filter the data in postpro-
cessing by first removing any estimates below 0 and any estimates over a whole
sample delay, which is 150 m at 2-MHz sample rate. This simple filter gives us a
closer look at the error in a multipath fading channel. The experimental and sim-
ulation data post-filter is shown in Fig. 38 and Fig. 39, respectively. We can see
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Table 7 Outdoor multipath experiment system parameters

Parameter Value

Ranging device E312
Sample rate 2 MHz
Symbol rate 1 MHz
Modulation GFSK

Samples per symbol 2
Modulation sensitivity 2
Gaussian filter length 8

Center frequency 2.5 GHz
PN sequence Gold code

PN maximal length 1023 bits
Truncated PN length 400 bits
Signal-to-noise ratio 15 dB
Receive LPF cutoff 250 kHz

Ranging rate 10 Hz

there is still significant error caused by the channel, and both experimental and
simulation data show the increasing error with distance caused by our truncated
codes as this test was performed using the 400-bit length code. Additionally, we
can see in the outdoor experiment that channel effects only present themselves at
the extreme distances of the test. This is most likely due to the LOS path becoming
weaker relative to the increasing number of multipath signals as we employ a cus-
tom software-defined automatic gain control (AGC), which attempts to maintain a
SNR of around 15 dB.
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Fig. 35 Outdoor TWR test location and procedure

Fig. 36 Experimental TWR distance estimate samples compared to the true distance of 1 to
62.5 m
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Fig. 37 Simulation TWR distance estimate samples compared to the true distance of 1 to 62.5
m

Fig. 38 Experimental TWR distance estimate samples compared to the true distance of 1 to
62.5 m
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Fig. 39 Simulation TWR distance estimate samples compared to the true distance of 1 to 62.5
m

We conducted one more test in order to experimentally validate the simulated be-
havior of the 511 length code in Fig. 31 and Fig. 32 and to alleviate the unpre-
dictable nature of the software AGC in multipath environments. We conducted this
experiment using the same system parameters as Table 7 except we used the cor-
rected order 9 polynomial Gold code and removed the AGC entirely. The full list of
parameters can be seen in Table 8, and the test location can be seen in Fig. 40.
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Table 8 Outdoor "Road Test" system parameters

Parameter Value

Ranging device E312
Sample rate 2 MHz
Symbol rate 1 MHz
Modulation GFSK

Samples per symbol 2
Modulation sensitivity 2
Gaussian filter length 8

Center frequency 2.5 GHz
PN sequence Gold code

PN maximal length 511 bits (corrected)
Truncated PN length N/A
Signal-to-noise ratio variable (no AGC)
Receive LPF cutoff 250 kHz

Ranging rate 10 Hz

Fig. 40 Outdoor "Road Test" TWR test location and procedure
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We can see from the results in Fig. 41 that the range estimate has much less bias
than the truncated code and no whole sample offset estimates. We also plot the
range versus real-time reliability of each ranging estimate in Fig. 42 and can see the
correlation between multipath fading and range deviation thanks to the stable front-
end gain. However, without AGC there is a noticeable, albeit predictable, decrease
in reliability due to a reduction in signal strength. Therefore, an easy way to filter out
multipath error is to simply reject all estimates less than 80% reliability as shown
in Fig. 43.

Fig. 41 Experimental TWR distance estimates versus the true distance

38



Fig. 42 Experimental TWR distance estimates versus range reliability

Fig. 43 Experimental TWR distance estimates with reliability greater than 80%

In order to improve range accuracy more substantially in a multipath environment,
multiple options are available in literature.15 The most simple approach is frequency
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hopping,28 where the ranging protocol attempts to range at different center frequen-
cies, attempting to avoid frequency-selective fading that may occur on one of the
bands. This is more difficult in an SDR context because the different center fre-
quencies will have a different phase offset signature during calibration as described
in Section 7. This means calibration will have to be performed for every frequency
channel used during ranging.

Another popular method is channel estimation via deconvolution of the known rang-
ing message. In the time domain, if the received signal is y(t), the transmitted signal
is x(t), the channel impulse response is h(t), and the noise is z(t), then the received
signal can be represented after sampling at Fs as

y[n] = x[n] ⋆ h[n] + z[n]. (23)

The frequency domain relationship is hence

Y [k] = X[k]H[k] + Z[k], (24)

where Y [k], X[k], H[k], and Z[k] are the DFT of their respective discrete time do-
main signals. Therefore, the channel frequency information H[k] can be estimated
simply by dividing Y [k] by X[k]. This estimate Ĥ[k] can be converted back to the
time domain to get ĥ[n], the estimated channel impulse response. This channel im-
pulse response will give estimates of the multipath delay spread seen during that
range estimate. However, the resolution of the channel is limited by the sample rate
of the system Fs. This is because range accuracy is restricted to whole sample esti-
mates obtained by choosing the earliest sample peak above some threshold, which is
not desirable. However, the channel estimation can still be used to reject corrupted
range estimates. If the channel estimate shows significant multipath response, it is
likely that the estimate will be corrupted and the estimate can be rejected without
further processing.

The last method, called MUltiple SIgnal Classification (MUSIC),29 is a vector sub-
space super-resolution30 method that relies on the covariant matrix and performs
Eigenvector decomposition (EVD) to separate the frequency information of the var-
ious multipath components. The number of multipath signals should be known a
priori to ensure there is not significant reduction in accuracy. The number of multi-
path components can be estimated by counting the number of peaks above a prede-
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fined threshold in the channel impulse response estimate ĥ[n]. By taking the whole
channel frequency response vector H and decomposing it into phase, amplitude,
and noise components in the form

H = UA + Z (25)

where
U = [u(τ1), . . . ,u(τM)], (26)

u(τm) = [1, e−j2π∆f1τ1 , . . . , e−j2π∆fN−1τM−1 ], (27)

A = [α1, . . . , αM ]. (28)

∆f is the frequency sample spacing, τm is the m-th multipath delay component, N
is the number of samples, and M is the total number of multipaths. The covariance
matrix of H corresponds to

RH = E{HHH} = URAUH + σ2
zI, (29)

where RA = E{AAH} and σ2 is the noise variance. If we take the L×L autocorre-
lation matrix RH where {M < L < N} and perform EVD, sorting the eigenvalues
in decending order, the eigenvectors corresponding to the M largest eigenvalues
span the signal subspace. The remaining N −M eigenvectors span the orthogonal
noise space. Finally, the MUSIC pseudo-spectrum is computed by

P̂MU(θ) =
1∑M

i=N+1 |uHvi|2
, (30)

where vi is the i-th noise eigenvector. The first value in the pseudo-spectrum above
a predefined threshold is the first LOS ranging signal path. Even though the MUSIC
method is very accurate, thanks to its ability to analyze the frequency content of the
signal, the EVD operation is computationally intensive, especially for long signals,
which can make implementation difficult in real-time systems.
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12. Conclusion

In conclusion, we have demonstrated a real-time TWR protocol using the UHD
application programming interface and implemented it on two USRP devices, the
B200 and E312. Problems critical to proper implementation in an SDR environ-
ment, including timed sampling and RF hardware delay compensation, are dis-
cussed and solutions are demonstrated. We find that the protocol is accurate in a
multipath free, controlled environment closely following simulation results. The
main error sources were the truncated Gold code having suboptimal correlation
properties, the internal PLL phase error, and expected multipath fading effects.15 In
addition, we observed that AGC adjustments and cold start conditions contributed
to measurement variability. The truncated Gold code was corrected by replacing it
with a shorter, full length code, while the correction of other error sources is left for
future research.
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List of Symbols, Abbreviations, and Acronyms

AGC: automatic gain control

C/A: Course/Aquisition

CPC: clock phase correction

CPU: central processing unit

DFT: discrete Fourier transform

EVD: eigenvector decomposition

FPGA: field-programmable gate array

GFSK: Gaussian frequency shift keying

GPS: global positioning system

IQ: in-phase/quadrature

LFSR: linear feedback shift register

LOS: line of sight

LPF: low-pass filter

MSps: megasamples per seconds

MUSIC: multiple signal classification

NRZ: non-return to zero

PLL: phase lock loop

PN: pseudo-noise

RF: radio frequency

RFFE: radio frequency front-end

RFIC: radio frequency integrated circuit

RMSE: root mean square error
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RSSI: received signal strength indicator

SDR: software-defined radio

TWR: two-way ranging

UHD: USRP Hardware Driver

USRP: Universal Software Radio Peripheral
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