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Abstract—The fifth generation new radio (5G NR) technology is
expected to fulfill reliable and accurate positioning requirements
of industry use cases, such as autonomous robots, connected
vehicles, and future factories. Starting from Third Generation
Partnership Project (3GPP) Release-16, several enhanced posi-
tioning solutions are featured in the 5G standards, including
the multi-cell round trip time (multi-RTT) method. This work
presents a novel framework to estimate the round-trip time (RTT)
between a user equipment (UE) and a base station (gNB) in 5G
NR. Unlike the existing scheme in the standards, RTT can be
estimated without the need to send timing measurements from
both the gNB and UE to a central node. The proposed method
relies on obtaining multiple coherent uplink wide-band channel
measurements at the gNB by circumventing the timing advance
control loops and the clock drift. The performance is evaluated
through experiments leveraging a real world 5G testbed based on
OpenAirInterface (OAI). Under a moderate system bandwidth of
40MHz, the experimental results show meter level range accuracy
even in low signal-to-noise ratio (SNR) conditions.

I. INTRODUCTION

Precise and reliable location awareness plays a crucial role
in the development of intelligent, autonomous, and connected
systems [1]–[3]. Besides offering cellular connectivity, owing
to the usage of large bandwidth and massive antenna arrays,
5G new radio (5G NR) is expected to provide highly accurate
positioning capability [4]–[6]. While the 5G-based solution can
complement the Global Positioning System (GPS) in outdoor
scenarios, it provides a viable alternative in low-visibility,
indoor, and GPS-denied environments. In addition, location
awareness of user devices is known to greatly improve cellular
network performance [7]–[9].

From Release-16 onwards, the Third Generation Partner-
ship Project (3GPP) has started defining the 5G NR target
positioning accuracy for various scenarios. New positioning
signals, measurement procedures, and architecture are accom-
modated [10]–[14]. The positioning methods generally involve
extracting time, angle, and signal strength information at the
base station (gNB) and user (UE) from the received reference
radio signals. Timing-based methods include enhanced cell
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ID (E-CID), multi-cell or single-cell round trip Time (RTT),
downlink time difference of arrival (DL-TDoA), and uplink
time difference of arrival (UL-TDoA). Techniques such as
downlink angle of departure (DL-AoD) and uplink angle of
arrival (UL-AoA) rely on multiple antennas to obtain the
angular information from the measurements [4], [5].

In DL-TDoA and UL-TDoA methods, the time difference of
arrival from multiple gNBs is used in localization. This method
requires the participating gNBs to be tightly synchronized. In
the multi-cell RTT method, absolute time-of-arrival (ToA) is
calculated at multiple gNBs. Unlike the DL-TDoA and UL-
TDoA methods, synchronization among gNBs is not needed.
Even when only one multi-antenna gNB is available, range
estimation from RTT can be combined with the UL-AoA
measurements to localize the UE.

There are mainly two approaches for obtaining RTT in 5G
NR. Once the UE is synchronized in downlink (DL), the RTT
in the form of timing advance (TA) can be estimated from a
received random access channel (RACH) preamble during the
random access (RA) procedure. Even though this appears to
be a straightforward approach, it suffers from low accuracy
due to the limited bandwidth of the RACH. Moreover, the
UE performs the RA procedure only during the initial access
or when the uplink (UL) synchronization is lost. In a more
dedicated method, the DL positioning reference signal (PRS)
and UL sounding reference signal (SRS) are used to estimate
the receive-transmit timing difference at the UE and gNB.
These measurements are then exchanged to a central node to
calculate the RTT. The accuracy of this method comes at the
expense of using more DL and UL resources [4], [5].

Accurate RTT estimation is possible if the timing mea-
surements from RACH can be augmented with wideband UL
channel measurements, for example, from SRS. Few works
have considered the problem of estimating RTT based on
UL channel measurements at the gNB in real-world scenarios
using open-source 4G/5G testbeds [15], [16]. The work in [15]
is restricted to a scenario where there is no TA correction
sent to the UE by the gNB after the initial random access,
i.e., the UE is very close to the gNB. An improved scheme
that overcomes this restriction has been proposed in [16].
However, both works ignore the effect of clock drift in the
system. Indeed, large fluctuations in RTT estimates caused by
these factors are reported in [16]. Moreover, RTT can only be
obtained during initial access.

The inability to exploit multiple UL SRS measurements
coherently in the RTT estimation stems from a) inherent timing



control loops in 5G NR and b) clock drift. The timing control
loops in 5G NR include UL and DL timing control. UL
timing control is a continuous process in which gNB sends
TA commands to the UE to adjust its UL transmission timing.
This procedure is crucial for maintaining UL frame alignment
with the gNB. On the other hand, in DL timing control, the
UE experiences DL reception timing drift due to clock drift,
and it corrects this drift based on DL reference signals and is
implementation specific. These timing control loops and the
clock drift lead to the variability in delay estimated from SRS
measurements obtained in different time slots. Therefore, even
in a scenario where the UE is static, and the gNB has access
to multiple SRS measurements, they cannot be used jointly
to estimate the RTT. However, it is well known that multiple
measurements tend to improve the estimation performance in
low signal-to-noise ratio (SNR) conditions.

In this work, we propose a novel framework to estimate
the RTT based on multiple coherent SRS measurements in 5G
NR. This approach tremendously improves the RTT estimation
accuracy in the low SNR regime. To the best of the author’s
knowledge, accurate RTT estimation without the need for dedi-
cated DL PRS resources is not possible in 5G NR. Specifically,
the contributions of this paper are:

• We propose a simple enhancement to the 5G NR signaling
scheme capable of obtaining a sequence of similar UL
SRS measurements.

• A matched-filter solution is proposed to estimate the RTT
jointly from the collected measurements.

• The proposed method can obtain the RTT even when the
5G UE is in a radio resource control (RRC) inactive state.

• The complete solution is experimentally validated with
a real-word 5G testbed based on the OpenAirInterface
(OAI) [17].

The rest of the paper is organized as follows: Section II
reviews the 5G concepts related to positioning. In Section III,
we describe the RTT estimation framework and the proposed
signaling enhancements to 3GPP. Section IV presents the
estimation process and algorithms. Section V outlines the
experimental setup, and the evaluation results are presented
in Section VI. Finally, Section VII concludes the paper.

II. BACKGROUND

This section provides an overview of the 5G positioning
related concepts and radio resource control (RRC) connectivity
states of a user (UE).

A. 5G Synchronization

Synchronization between base station (gNB) and UE is
essential for reliable communication as well as positioning.
The 5G synchronization process consists of downlink (DL)
and uplink (UL) synchronization. The UE can detect symbol
and frame boundary during the DL synchronization. The gNB
periodically transmits a synchronization signal block (SSB) in
the DL. The SSB consists of a primary synchronization signal

Figure 1: 5G synchronization.

Figure 2: UE UL timing correction with TA commands.

(PSS), a secondary synchronization signal (SSS), and a phys-
ical broadcast channel (PBCH) with its associated demodula-
tion reference signal (DMRS). Once DL is synchronized, the
UE extracts configuration parameters by decoding the master
information block (MIB) from the PBCH and later the system
information block (SIB) from the physical downlink shared
channel (PDSCH). These parameters provide the necessary
information to perform UL synchronization.

The UL synchronization enables UE to determine the exact
time to send the UL data. Since a gNB serves multiple UEs
located across the cell, the UL transmission times of the UEs
need to be adjusted such that their reception is aligned with the
gNB’s UL reception. This is achieved with a random access
(RA) procedure. The UL synchronization is as follows:

• Either the UE initiates (in the case of initial access),
or the gNB orders the UE (in case of loss of UL
synchronization) to initiate the RA procedure through the
physical random access channel (PRACH). While it is
contention based RA in the former scenario, in the latter,
it can be contention free, i.e., the gNB may configure the
UE with a dedicated PRACH preamble.

• Based on the delay estimated from the PRACH, the gNB
can measure a coarse/quantized round-trip time (RTT).
This coarse/quantized version of RTT coined as timing
advance (TA), is then sent to the UE via the random
access response (RAR).

• Although the initial TA is sent via the RAR, gNB can
periodically send updated UL timing corrections to the
UE via TA commands. Through these TA commands,
gNB can maintain the UL synchronization in case of UE
mobility or clock drift.

The signaling procedure of RA and TA updates is depicted
in Figures 1 and 2.

B. Reference Signals

The reference signals or pilots are used in channel estima-
tion, parameter estimation, and positioning. The widely used
reference signals for positioning in 5G NR are as follows:



• The Sounding Reference Signal (SRS) is a wide-band
reference signal transmitted by the UE in the UL. SRS
is generated using the Zadof-Chu sequence and has good
auto and cross-correlation properties. Dedicated SRS for
positioning is introduced in 3GPP Release-11. Although
SRS for positioning and communication have a lot of
commonalities, they can be configured separately [4].

• 3GPP has introduced the PRS, especially for localization
purposes in the DL [18]. These reference signals were in-
troduced in 4G and extended to 5G with better resolution
and accuracy. PRS is generated using QPSK modulated
31-length gold sequence. PRS can be flexibly arranged
in any number of PRBs in the frequency domain. In the
time domain, the PRS resources for positioning can span
{2,4,6,12} consecutive OFDM symbols.

C. 5G RRC states

In 5G standalone mode, three possible radio resource
control (RRC) states are defined for a UE: NR_RRC_IDLE,
NR_RRC_INACTIVE, and NR_RRC_CONNECTED. While
the NR_RRC_CONNECTED indicates an active data
transmission/reception, the UE in NR_RRC_IDLE and
NR_RRC_INACTIVE stays asleep most of the time and
periodically wakes up and looks for paging messages to
look for active data (e.g., incoming voice call or data) and
switches to NR_RRC_CONNECTED state. Contrary to
the NR_RRC_IDLE mode, in NR_RRC_INACTIVE state,
the gNB stores the UE context (e.g., RRC configuration)
for periodic transmissions. It is to be noted that until
3GPP Release-16, majority of the current 5G positioning
techniques that offer good accuracy work only when the UE
is NR_RRC_CONNECTED. 3GPP Release-17 introduces
NR_RRC_INACTIVE based positioning for low power high
accuracy positioning (LPHAP) [19] for low power devices.
The design requirements for the LPHAP include low power
consumption, low complexity, low signaling overhead, and
timing alignment to avoid interference with other UEs [20].
These design requirements make the proposed RTT estimation
framework well-suitable for NR_RRC_INACTIVE based
positioning. Next, we describe the signaling enhancements
needed in 3GPP to enable the proposed framework.

III. SIGNALING ENHANCEMENTS

The proposed signaling scheme aims to obtain multiple
wide-band uplink (UL) sounding reference signal (SRS) mea-
surements along with the RACH at the base station (gNB).
We leverage on the existing physical downlink control channel
(PDCCH) order signaling mechanism in 5G NR to obtain
these measurements. When an RTT request is made, the
gNB sends an enhanced downlink control information (DCI)
that includes information fields related to positioning to the
user (UE) as a DCI Format via PDCCH. Moreover, the DCI
Format should consider both the NR_RRC_INACTIVE and
NR_RRC_CONNECTED states of a UE.

The proposed 3GPP like signaling scheme is depicted in
Figure 3. A new DCI Format, termed as DCI Format X_Y, is

used to signal the UE for positioning. Once the UE decodes
the DCI Format X_Y, it adjusts or updates its downlink (DL)
synchronization based on the synchronization signal block
(SSB)1. The UE then triggers a contention free RACH using
the dedicated preamble mentioned in the DCI Format X_Y.
The gNB estimates the timing advance (TA) from the RACH
preamble and sends it to the UE via RAR. The UE applies the
TA after six slots (from current standards) and then transmits
the SRS, as shown in Figure 3. RTT can be calculated based
on the TA and the SRS channel estimates. This procedure is
repeated several times to obtain multiple measurements. Note
that the UE aligns its UL timing when sending the SRS using
the TA value received in the RAR.

The DCI Format X_Y [21] includes the following fields:
fullI-RNTI or shortI-RNTI, Random Access Preamble index,
UL/SUL indicator, SS/PBCH index, PRACH Mask index, and
SRS request as shown in Table. I. In the proposed signaling
mechanism,

• when UE is NR_RRC_INACTIVE state, the DCI Format
X_Y is scrambled using P-RNTI,

• in NR_RRC_CONNECTED state, the DCI Format X_Y
is scrambled using C-RNTI. In this case, the field fullI-
RNTI or shortI-RNTI is set to 0.

Alternatively, it is possible to use the existing DCI Formats
in the current 3GPP standard with minor modifications [21].
This can be achieved by adding an SRS request field to the
DCI Format 1_0 for RAN paging in the NR_RRC_INACTIVE
state and the DCI Format 1_0 for PDCCH order in the
NR_RRC_CONNECTED state. However, the DCI Format 1_0
for RAN paging initiates a contention based RACH procedure,
resulting in signaling overhead.

Furthermore, DL timing correction is crucial for positioning
when a DCI is received. This can be observed from the behav-
ior of a 3GPP Release-15 commercial UE (Quectel RM500-
GL) as shown in Figure 4. The plot in Figure 4 indicates the
RTT estimated over time by combining TA from RACH and
SRS measurements. The signaling mechanism for estimating
RTT is similar to the proposed mechanism as depicted in
Figure 3. An existing DCI (PDCCH order) is used to trigger the
RACH, and the SRS is scheduled so that the UE transmits the
SRS after applying the TA received from RAR. The sawtooth
structure observed from the RTT measurements over time is
shown in Figure 4. In this sawtooth behavior,

• The rise in the RTT estimates stems from the clock drift
between the gNB and the UE because the UE does not
correct its DL timing immediately after receiving the DCI.

• The fall occurs when the UE corrects its DL timing.
Currently, commercial UEs using 3GPP Release-15 have an
implementation specific timing correction that corrects the DL
timing only based on the conformance requirement [22] but
not when the DCI is received.

Therefore, the proposed DCI Format X_Y reduces the
signaling overhead, maintains DL and UL timing, and uses
a common DCI for both RRC states.

1Note that UE can update its DL synchronization by other means too



Table I: DCI Format X_Y

DCI Fields Number of bits

fullI-RNTI or shortI-RNTI 40 or 24
Random Access Preamble index 6

UL/SUL indicator 1
SS/PBCH index 6

PRACH Mask index 4
SRS request 2 or 3

Figure 3: Proposed signaling mechanism for RTT estimation.

IV. RTT ESTIMATION

Based on the signal enhancements described in the previous
section, the gNB can estimate a coarse RTT, i.e., TA value
estimated from the RACH, and refine it further using SRS
measurements. The coarse RTT τ r can be obtained from the
TA as

τ r =
TA × 16× 64

2µ
Tc, (1)

where, µ ∈ {0, 1, 2, 3, 4, 5} is the numerology related to the
subcarrier spacing ∆f = 15.2µ KHz, Tc = 1

(∆fmax×Kmax)
,

∆fmax = 480 KHz is the maximum possible sub-carrier
spacing and Kmax = 4096 is the maximum possible FFT size
in NR [18]. Next, we describe the SRS channel estimation.

A. SRS channel estimation

We consider a 5G NR system with a single antenna UE
and gNB in our experiments. The received sounding reference
signal (SRS) at the gNB on the k-th, k ∈ [0,K−1], subcarrier

y[k] = h[k]s[k] + n[k], (2)

where, k ∈ {0, 1, . . . ,K−1}, K is the FFT size, h[k] repre-
sents the baseband propagation channel, s[k] represents the
SRS pilot symbol and n[k] ∼ N(0, σ2) is additive white
gaussian noise. We consider a line-of-sight (LoS) channel with
no multi-path components. The UL channel at a k-th subcarrier
is modeled as

h[k] = αe−j2πk∆fτ , (3)

where, α = α′e−j2πfcτ is the complex channel gain of the
path, α′ is the path-loss, ∆f is the subcarrier spacing, fc is
the centre frequency. A least-square estimate of the channel is
given by

ĥ[k] = s[k]∗y[k], (4)
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Figure 4: Effect of clock drift on RTT in commercial UE.

where, (.)∗ denotes the conjugate operator, and s[k] is the
known SRS symbol at the k-th subcarrier. The channel estimate
ĥ[k] is represented in the vector form as

ĥ =
[
ĥ[0], ĥ[1], . . . , ĥ[K−1]

]T
. (5)

We now further refine the RTT estimate using the SRS
channel estimates.

B. Matched Filter

By using the proposed signaling scheme in Section III, we
can obtain multiple coarse RTT’s and SRS channel estimates.
The m-th, m ∈ [1,M ] coarse RTT obtained from RACH (1)
and the channel estimate is denoted by τ rm and ĥm ∈ CK×1

respectively. Each channel estimate ĥm is shifted by the
respective coarse RTT τ rm to maintain the coherency among
the channel estimates. A matched filter estimate of the refined
RTT τ̂ is given by

τ̂ = arg max
τ

1

M

M∑
m=1

|v(τ)HT(τ rm)ĥm|2, (6)

where, v(τ) = [1, e−j2π∆fτ , . . . , e−j2π(K−1)∆fτ ]T and
T(τ rm) = diag(1, e−j2π∆fτr

m , . . . , e−j2π(K−1)∆fτr
m).

Further, the distance estimate (d̂) between the gNB and the
UE can be obtained from the estimated RTT (τ̂ ) as

d̂ =
τ̂c
2
, (7)

where, c is the speed of light.
The performance of the proposed algorithm is evaluated

using the following experimental setup.

V. EXPERIMENTAL SETUP

We consider a scenario with a single antenna gNB and a
UE having line-of-sight (LoS) condition. We leverage on the
OpenAirInterface (OAI) 5G NR protocol stack [17] and USRP
B210 software-defined radio cards to build the gNB and UE.
Additionally, SC2430 NR signal conditioning module is used
as an external RF front-end at the gNB [23]. The measure-
ments were taken in an anechoic chamber at the Northeastern
University Burlington campus, as shown in Figure 5.

Since the signaling using the DCI Format X_Y is not
implemented yet, we simplify the proposed RTT signaling



Figure 5: Experimental setup in the anechoic chamber.

scheme depicted in Figure 3 of Section III to the signaling
scheme as shown in Figure 6. Note that this simplification
does not result in any loss in terms of the functional behavior
of the proposed RTT estimation algorithm for the following
reasons:

• The distance between the gNB and UE is always within
the resolution of the RACH based timing advance (TA)
during the experiment. For the used 5G NR configuration,
the RACH TA resolution is 39.0625 meters.

• The delay between receiving the DCI Format X_Y and
sending the SRS in the proposed framework (Figure 3)
is emulated with a 20 slot offset between SSB reception
and SRS transmission at the UE as shown in Figure 6.

• The hardware delays are calibrated and compensated by
applying a fixed timing advance at the UE throughout the
experiment. For this, we have used the phy-test mode of
the OAI [24]. This mode operates only at the physical
layer and abstracts the higher layers.

The 5G NR system parameters used in the experiment are
listed in Table II. Note that the proposed scheme applies to all
the 3GPP bandwidth and numerology configurations.

During the experiment, the gNB is static, and the UE is
moved in an increment of 1 meter from an initial gNB-UE
distance of 7 to 11 meters, as shown in Figure 5. In all
measurements, the LoS is maintained between the gNB and
UE. Variation in uplink SNR is achieved by changing the
USRP transmit (TX) gain. Multiple SRS channel estimates
were obtained at each distance, and the data was then stored for
further offline analysis. The performance of the RTT estimation
scheme based on the collected measurements is presented in
the following Section.

VI. RESULTS

In this section, we will present the empirical results of the
proposed RTT estimation in low and high uplink SNR scenar-
ios. Moreover, the impact of the number of measurements on
the two algorithms: the peak detector (PD) and the matched
filter (MF) is shown. While the MF approach is outlined in

Figure 6: RTT implementation in OAI phy-test mode.
Table II: System Parameters

Parameters Values

System bandwidth 38.16 MHz
Subcarrier Spacing (∆f ) 30 KHz

Centre frequency (fc) 3.69 GHz
Sampling rate (fs) 46.08 MHz

FFT size (K) 1536
Cyclic prefix (Ncp) 132

SSB bandwidth 7.2 MHz
SRS bandwidth 37.44 MHz

SRS comb size (Kc) 2

Section IV-B, the range estimated using PD is given by

d̂ =
c

2fsM

M∑
m=1

arg max
∣∣∣IDFT

{
T(τ rm)ĥm

}∣∣∣ , (8)

where, ĥm,m ∈ [1,M ] is the m-th SRS channel es-
timate measurement, fs is the sampling rate, T(τ rm) =
diag(1, e−j2π∆fτr

m , . . . , e−j2π(K−1)∆fτr
m), IDFT{.} denotes

the Inverse Discrete Fourier Transform, and c is the speed of
light.

The cumulative distribution function (CDF) of the range
estimation error for MF and PD algorithms in high and low
uplink signal-to-noise ratio (SNR) is shown in Figures 7 and 8.
At each SNR, the empirical range CDF is obtained from a
total of 25,000 SRS measurements. These measurements are
collected based on the signaling procedure depicted in Fig-
ure 6. As described in Section V, these 25,000 measurements
are obtained by keeping the gNB’s position fixed and moving
the UE between 7 to 11 meters with a 1 meter increment. At
every SNR, 5,000 measurements are collected at each distance
between 7 and 11 meters.
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Figure 7: CDF of the range estimation error.
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For the high SNR scenario, we fixed the UE USRP TX gain
to 89.5 dB, resulting in an estimated uplink SNR of 25 dB. For
the low SNR scenario, we have reduced the UE TX gain by
50 dB to 39.5 dB. While the MF and PD schemes have similar
performance when the SNR is high, in low SNR scenarios, the
MF algorithm significantly outperforms the PD scheme. In a
low SNR scenario, for M=20, the range estimation error of
MF is below 3.25 meters for 90% of the time. Furthermore,
by increasing the number of measurements from M=20 to
M=60, we see an increase in the estimation performance for
both methods.

VII. CONCLUSION

In this work, we proposed a novel RTT estimation frame-
work using a new DCI Format X_Y as a signaling mechanism
for positioning. The proposed framework does not rely on ded-
icated DL PRS and works in both NR_RRC_INACTIVE and
NR_RRC_CONNECTED states. It forces the UE to correct
its timing after the reception of the DCI, which is currently
not possible, as our experiments with COTS UEs have shown.
Furthermore, our framework enables the coherent combination
of multiple uplink channel measurements and is robust to the
clock drift and the inherent timing loops in the 5G system. We
have validated the functionality of our proposed framework
in real-time using OAI. Our results show that the proposed
matched filter algorithm can achieve meter-level accuracy for
bandwidth as low as 40MHz, even in low SNR scenarios.
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