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Abstract—Positioning for mobile radio systems has been on
the agenda of 5G and new radio (NR) study and working items
for many 3GPP Releases. Several methods like those based on
observed time differences of arrival or based on relative round
trip time measurements have been discussed or standardized with
the goal to gradually enhance the localization accuracy. New -
partly stringent - requirements have been identified for new use
cases, for example, with respect to industry 4.0 campus scenarios.
Controlling of specific manufacturing machines would need a sub
millimeter accuracy, which is far beyond the current precision
of NR systems. In a first step, we will evaluate the benefits of
parameter estimation schemes for accurate delay and distance
estimation. Then, we propose a so called ping pong scheme, which
allows to improve a certain limited delay estimation accuracy
by a factor of N , where N is the number of back and forth
transmissions between a certain mobile radio transmitter and
receiver station.

I. INTRODUCTION

Public safety requirements initiated the standardization of
3GPP positioning techniques and since then every 3GPP LTE
or NR Release has such a study or working item. The num-
ber of considered methods and the achievable accuracy has
increased, but especially in case of non line of sight (NLOS)
scenarios precision in the meter to tens of meter range has
to be expected. This relatively low accuracy can be explained
by multiple issues like synchronization errors between next
generation Node Bs (gNB), the sample timing, or non line of
sight radio channels between the user equipment (UE) and the
gNBs for triangulation as explained in more detail in [1] for
the observed time difference of arrival (OTDOA) scheme.

Global navigation satellite systems (GNSS) with real time
kinematic (RTK) provide for outdoor users in the meantime
centimeter precision in certain scenarios, which is partly due
to relative positioning with respect to a known reference point
[2]. In the beginning, for this work even more extreme precision
requirements had been considered, targeting the below millime-
ter range. This was motivated by tight control of mobile robot
applications in future Industry 4.0 production processes. But
later, the focus was on more conventional mobile radio indoor
or outdoor hot spot scenarios with a more relaxed position
accuracy of about one to a few centimeters. This might, as
one possible example, allow for accurate tracking of moving
objects in a digital twin or mirror world [3] with respect to the
radio environment of a gNB.

Accurate positioning with current solutions like OTDOA
rely on the achievable accuracy for measuring the delay from
one transmit to another receive radio station. In 3GPP the

current baseline approach uses the receiver sample grid of
the time domain received signal. In case of a 20 MHz LTE
system with a sampling rate of 33 ns the resulting distance
inaccuracy is already +- 5m. This corresponds to a factor of 500
lower resolution compared to a +- 1cm localization precision,
if needed for certain future applications.

Many other positioning proposals exist in the literature,
such as machine learning (ML) on RF fingerprinting, received
power offset compensation, or direct estimation based on side
link communication to a multitude of sensor devices with
known position. Probably, most interesting for our case is the
standard IEEE 802.11mc, also known as Wi-Fi Round Trip
Time (RTT) or similarly the 3GPP NR proposal [4] for a
combined downlink and uplink positioning procedure. In this
case the delay between, e.g., a gNB and an UE is estimated
by multiple round trip times - instead of one single trip -
measurement. By calculation of the mean RTT, the variance on
the estimation error due to noise or interference can be reduced.
Such a scheme provides some performance gains, especially for
line of sight (LOS) scenarios, but there are still some inherent
limitations. For example, parasitic effects at the UE or the
gNB, like local oscillator phase drifts or deterministic limits
of the delay estimation accuracy due to offsets with respect
to the true delay of a multi path component (MPC) or time
delay quantization effects are not compensated by the proposed
method.

Here, we propose, therefore, a number of options promising
an even higher accuracy for multi path component delay
estimations, which might be applied for improved positioning
methods. The first - and main - idea is to replace the multiple
RTT measurements by the ping pong, or mirror operation,
where the transmit signal is reflected back and forth between
the gNB and the UE multiple times, i.e., N times. Eventually,
the combined delay is estimated and then divided by 2N to
calculate the single trip delay. This division reduces then the
deterministic final delay estimation error by the same factor of
2N . Assume, for example, a delay estimation method providing
a one centimeter accuracy and for N a value of 50, then one
might be able to get down to a sub millimeter precision as
originally intended. Note that compared to classical averaging
methods the main difference is that beside Gaussian also the
already mentioned deterministic errors can be reduced.

Compared to a mirror operation for visible light, especially
at RF frequencies below 6 GHz - according to 3GPP the
so called FR1 frequency range - there will be a number of
challenges, which will be addressed in different ways in this
paper. First of all, even in case of strong massive MIMO
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beamforming, a passive reflector of a reasonable size will
be inefficient as most of the transmit energy will be lost
to other spatial directions. Therefore, after a few ping pong
transmissions, the received power will significantly degrade
making an accurate delay estimation difficult. For that reason,
an active reflector is proposed, but then one has to minimize
UE and gNB related parasitic effects for the up- and down-
conversion as well as the baseband processing. This can be
tackled by simultaneous processing of all involved gNB receive
signals as well as by a parallel delay estimation to a known
reference point. Moreover, multiple reflections in the mobile
radio channel i) makes an accurate delay estimation difficult
and ii) might lead, after some reflections, to an avalanche of
MPCs which hinders an accurate delay estimation of the LOS
MPCs.

To overcome these issues, specific extensions are discussed,
which rely on accurate MPC parameter estimation methods so
that the low power MPCs can be removed before the signal re-
transmission and so that for the strongest MPCs a relative delay
estimation accuracy in the centimeter range becomes possible.
For that purpose we first evaluate the performance limits of
Unitary ESPRIT [5], [6] for multiple MPCs and then refer
to the iterative profiling concept, which is significantly more
complex, but at the same time very accurate.

The reminder of this work is structured as follows: Section
II introduces the baseline approach for positioning and the
proposed ping pong concept. Section III presents the channel
model and the challenge it presents for the proposed approach.
Section IV provides simulation results for the combined perfor-
mance of ping pong with Unitary ESPRIT as well as with the
profiling method with respect to the possible delay resolution.
Finally, Section V presents the conclusion of this paper.

II. PING PONG CONCEPT

The ping pong concept relies in an improvement over
the RTT estimations standardized in IEEE 802.11mc Wi-Fi
Round Trip Time or as similarly proposed for 3GPP NR in
[7], [8]. Therefore, we start by reviewing the conventional
RTT estimations concept. As illustrated in Figure 1, such a
RTT measurement has three phases, where in a first step
the initiating device (gNB) will transmit at time t0 to the
responding device (UE), which receives the signal after the
propagation delay at time t1. After a certain processing delay
the UE will transmit at time t2 back to the gNB, which receives
this signal after the propagation delay at time t3. The round
trip time is then

RTT = (t3 − t0) − (t2 − t1), (1)

i.e., the UE processing delay, (t2 − t1), is being subtracted to
get twice the propagation delay.

The accuracy of such a delay estimation depends i) on the
quantization of the time counters as well as ii) on the accuracy
of the gNB and UE clock counters, which generally will have a
certain relative mismatch or relative frequency offset. For real
world radio channels, it is often difficult to accurately estimate
the times t1 and t3 due to the limited transmission bandwidth
and potentially multiple MPCs comprising the channel impulse
response (CIR). Therefore, a simple power threshold on the
received CIR incurs quite some delay uncertainties. For lo-
calization, typically, three or more RTT measurements to at

Figure 1. Illustration of the conventional RTT method.

least three known gNBs will be needed, so that the errors per
RTT will add up. A noisy CIR will add a further time delay
error tε to the time estimations on the downlink t′1 = t1 + tε
and the uplink t′3 = t3 + tε, where tε can be modeled by
a Gaussian distribution with zero mean and variance σ2, i.e.,
tε ∼ N (0, σ2). In order to reduce the effect of noisy CIR
measurements, the RTT measurement can be performed N
times, tNRTT , as in Figure 1, followed by calculation of the
mean over all N RTT estimates, RTTavg, as

RTTavg =
tNRTT

N
=

1

N

N∑

i=1

(ti3
′ − ti0)− (ti2 − ti1

′). (2)

With a large value of N , the normally distributed error
tε/N can become very small, but the RTTavg might include
an additional deterministic error term, denoted by tdetε . Such an
error term is caused by, for example, a constant relative clock
error between the UE and the gNB, so that the calculation of
(t2 − t1) for each RTT measurement is either too high or too
low. This is illustrated in Figure 2, which has on the horizontal
axis the quantized values of dx + n ×Δd, which reflects, for
example, the resolution of the delay estimation process and/or
the number or bits for reporting the delay values tx. The
variance of the delay estimation process is illustrated by the
red dotted Gaussian AWGN curve, and this variance can be

Figure 2. Example of deterministic error due to delay quantization.
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Figure 3. Illustration of the ping pong delay estimation with multiple passive
mirror reflections.

reduced by the multiple RTT measurements. In addition, there
is a magenta square in between two quantization values, which
reflects the correct delay value. Note that this deterministic
offset to the quantized delay values is not reduced by multiple
RTT measurements.

A. Ping Pong Estimation - Mirror Operation

Figure 3 illustrates the basic concept for the ping pong delay
estimation. Initially, we assume passive reflectors like two dish
antennas, which reflect the transmitted signal from the gNB
multiple times back and forth before, eventually, the combined
delay over all reflections is estimated at the gNB. Thereby
the RTT delays for a single trip add up to the time tNRTT =
N tsingleRTT . As we assumed passive reflectors the processing
delay at the UE - as well as the gNB - (t2 − t1) will be zero,
i.e., it does not contribute to any error. The deterministic delay
estimation error of tdetε, will impact only the final combined
estimate, t̂NRTT , as

t̂NRTT = tNRTT + tdetε, + tε,. (3)

Following, the estimation of a single trip delay t̂singleRTT is
computed as

t̂singleRTT =
tNRTT

N
+

tdetε, + tε,

2N
, (4)

where the deterministic error is divided by 2N because the
delay between the gNB and the UE is measured twice after
N RTT measurements. Moreover, one important implication
of ping pong is that the deterministic error only influences the
final measurement.

The use of passive reflectors is simple, but has practical
limitations in case of real world radio channels, especially
for the below 6 GHz frequency range. This is because for a
reasonable size of reflectors and larger distances, a large part

Figure 4. Illustration of active mirror operation as retransmission of combined
channel impulse response to overcome parasitic effects. Note that the CIR is
defined later in the document.

Figure 5. Active mirror operation

of the transmit energy will be lost, i.e., not reflected back.
This is true even for massive MIMO antennas with a large
antenna aperture. Due to this high pathloss in practical radio
channels, the signal to noise plus interference ratio (SINR)
of the received signal will be very small after one to a few
ping pong transmissions so that an accurate delay estimation
becomes impossible. For that reason, the typical application
will use active reflectors, which includes the down - and up
- conversion of the received signal as well as some type of
baseband processing.

Such baseband processing will then again affect the overall
delay estimation and will suffer from parasitic effects like
clock frequency offsets, phase drifts, or RF chain reciprocity
imbalances. To minimize such effects on the relative delay
estimation precision, it is proposed to process the received
signals from multiple gNBs simultaneously, which has the
advantage that parasitic effects will affect all signals from all
gNBs in a similar way. Then, for example, a clock frequency
offset will vary the processing delay (t2 − t1) for all gNBs
by the same value so that it does not affect the relative delay
estimation.

This overall concept of the active ‘mirror’ operation for
multiple gNBs is illustrated in Figure 4 and Figure 5. The
main idea is that gNB1 and gNB2 transmit simultaneously in
the same time slot or iteration step I1 - see Figure 5 - the
red and the black Dirac impulses. Note that we assume Dirac
impulses for illustration, while further below we will consider
the effects of a limited RF bandwidth. The UE receives the
Dirac pulses after the propagation delay T1 from gNB1 to the
UE and after T2 from gNB2 to the UE. The active mirror
operation has now two aspects, first the UE processes the
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received signals simultaneously in the baseband and second,
the UE does not make any delay estimation at this point in
time. Instead it re-transmits or broadcasts the simultaneously
received signals from gNB 1 and 2 back to the gNBs. Each
gNB receives the combined signals and then deletes the Dirac
from the other gNB before re-transmitting its signal back to the
UE for the next RTT transmission. To alleviate this deleting
process, the gNBs should transmit their signals already for the
first transmission with a predefined additional relative extra
delay Δtx as illustrated in Figure 5. As this is a known value,
the extra delay Δtx can be easily subtracted in the end for the
final RTT delay estimation.

Note that this assumes that the rough delays from gNB1 and
gNB2 are known, e.g., from CSI measurements. In addition,
one should mention that for 3GPP LTE and NR the typical
length of the cyclic prefix is in the range of one tenth of
the length of the OFDM symbols itself. Knowing that the
cyclic prefix length is related to the maximum assumed delay
spread of the radio channel, it is clear that one can choose
relatively large values for Δtx like two tenth of the OFDM
symbol length. Moreover, the CIRs of both gNBs can be
simultaneously clearly separated which still allows for an
accurate estimation for the given artificial dual gNB CIR.

It is important to note that the baseband processing delay at
the UE will not directly affect the final delay estimation. One
can even choose freely any time for the re-broadcasting of the
combined received signal at the UE. The reason is that for this
active mirror operation the relative delay between the received
signals from gNB 1 and 2 is encoded in the re-transmitted
signal as the delay between the black and red Dirac in Figure
5. For the active mirror concept the delays of T1 and T2 are
added up in each iteration, while the baseband processing delay
is invisible in the combined CIR. This is the main difference
between ping pong and the conventional RTT measurements
with N RTT estimates.

From Figure 5 it is clear that the gNBs will delete the
received Dirac related to the other gNB so that any clock mis-
matches or other parasitic effects will affect the overall delay
estimation. To handle this issue, we propose that both gNBs
are estimating - simultaneously to the ping pong operation -
the delays from a reference link to a known fixed reference
point. That way, a central unit can estimate the estimation errors
for each RTT measurement per gNB - or more importantly -
the combined relative delay estimation errors over all N RTTs
between both gNBs. Then, we can assume that the parasitic
effect to the reference link will have a similar impact to the
ping pong measurements, which makes it possible to calibrate
the ping pong delay estimates.

III. MORE REALISTIC RADIO CHANNELS

The proposed method has the benefit of increasing the accu-
racy without too stringent requirements on the UE processing
capabilities. But, as a further issue, one has to consider more
realistic radio channels than a Dirac, which includes the limited
RF bandwidth, which further leads to a convolution of the Dirac
functions with the typical pulse shaping functions. In addition,
in most cases, there will be a multitude of reflections so that
the CIR is a superposition of multiple multipath components.

A simplified time varying mobile radio channel ha(t, τ)
comprising L direct and/or reflected MPCs is given by

ha(t, τ) =
∑L

l=1 αl(t)δ(τ − τl(t));

τl(t) = dl(t)−d0(t)
c ,

(5)

where dl is the distance traveled by the lth MPC, d0 is the
reference distance, c is the velocity of light, and αl(t) is the
complex amplitude of the lth MPC. The reference distance d0
is needed as an UE cannot estimate absolute delay values based
on CSI measurements. The clock signals and frame counters
from the gNB and the UE are not synchronized for mobile
radio systems. In addition, mobile UEs apply a regular frame
alignment to keep the received signal in a certain receive time
window for optimum signal processing.

Assuming, for simplicity, a single gNB-UE link we can
define the received signal hRTT1

a at the gNB after a first ping
pong transmission as

hRTT1
a = ha(t0, τ)ha(t3, τ). (6)

Due to the reciprocity of the radio channel and the assumed
time domain duplex (TDD) operation, hRTT1

a will comprise
each MPC from the downlink transmission ha(t0, τ) multiplied
by the same set of MPCs from ha(t3, τ) for the uplink
transmission. In other words, for each RTT round the number
of MPCs will grow quadratically. Consequently, this will chal-
lenge an accurate delay estimation after N RTTs. For instance,
considering L = 2 MPC, Equation (6) becomes

hRTT1
a = [ha(t0, τ1)+ha(t0, τ2)][ha(t3, τ1)+ha(t3, τ2)]. (7)

Generalizing this to L MPCs, we have

hRTT1
a =

∑

L

[ (αl(t)δ(τ − τl(t)))×

〈
∑

L

αl′ (t)δ(τ − τl′ (t))〉 ].
(8)

To overcome this issue, in a first step, one can try to
minimize the number of MPCs, for instance, by using massive
MIMO beamforming, by choosing suitable gNB positions with
good LOS links to the UE, by increasing the RF frequency, etc.
In addition, it makes sense to include an accurate parameter
estimation for all MPCs as this will allow to delete all MPCs
with exception of the strongest MPC, which is hopefully the
LOS MPC before re-transmission.

For realistic radio channels, one has to consider - even
in case of LOS - a different path loss between different
gNB-UE links. Here again, it is assumed that the pathloss
values are known quite accurately from CSI measurements
and, especially, for LTE or NR from reference signals received
power (RSRP) estimations. That allows the gNBs to adapt the
TX-power so that the received power of all gNBs is at the UEs
roughly the same. Note that relative delay estimations between
two MPCs can be done with any relative power levels, but for
highest accuracy similar receive powers are beneficial.
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IV. EVALUATION OF PING PONG DELAY ESTIMATION

To evaluate the expected performance of the proposed ping
pong delay estimation, we first evaluate the potential perfor-
mance of two specific MPCs parameter estimators with respect
to their delay estimation precision. First, we simulated the
performance of the well know Unitary ESPRIT [5] algorithm
for various numbers of MPCs. Secondly, we evaluated the
performance for the iterative so called profiling concept [9],
which promises much higher estimation accuracy at the cost
of higher complexity. The idea is that these methods give us a
minimum estimation error for some given side conditions like
SINR, number of MPCs comprising the radio channel, and so
on. Then, by applying the ping pong concept with reasonable
values for RTT transmissions N , one can estimate the potential
of the combined methods.

A. Unitary ESPRIT

For implementing ping-pong, the first step is to estimate the
delay. Herein, ESPRIT is used similarly as in [10] for delay es-
timation. However, Unitary ESPRIT with noise resampling [5],
[6] is used to reduce the computational complexity. For evalu-
ating the delay estimation accuracy of Unitary ESPRIT, 10000
realizations of artificial radio channels are generated as in
equation (5), following a Rayleigh distribution. The delays of
the MPCs are drawn from a uniform distribution where all
MPCs have different delay values and are spaced, at maximum,
by 165 ns. Assuming a 20 MHz LTE system, the delay of one
single tap is 33 ns (= ± 5m). The relative estimation error tdetε,
is related to the window length which, in this simulation, is 5
taps, or 165 ns (= ±25 m).

For the noise free case, our simulations with Unitary
ESPRIT have achieved extremely accurate delay estimation.
However, for realistic and practical SINR value of 20 dB,
there is already a severe performance degradation, even for few
relevant MPCs. Figure 6 presents the cumulative distribution
function (CDF) of the relative error for delay estimation of a
radio channel composed by 3 MPCs, with SINR = 20 dB.
In order to observe the impact of the spacing between the
MPCs, the channel realizations were grouped according to its
minimum relative delay. Therefore, the top-left CDF plot in
Figure 6 presents the worst case, where there is at least two
MPCs happening in less than 19 ns from each other, whereas
the bottom-right CDF plot presents the best simulation case
where the MPCs are spaced by relative delays larger than 57 ns.

As observed in Figure 6, for the estimation accuracy, which
can be achieved for 90% of the estimations, we have in
the best case and for the best MPC a relative accuracy of
tdetε = 10−2, while for the worst case channels this degrades
to tdetε = 100 = 1. Therefore, depending on the radio channel
characteristics, we can expect for Unitary ESPRIT estimation
errors between ±0.25 m to ±25 m for the best MPC. The
low performance of Unitary ESPRIT with noise resampling
for delay estimation can be explained, in this case, by the tight
spacing between the MPCs. Note that these results would be
for a well behaving radio channel with just three MPCs, while
with a higher number of MPCs, like five or more, we observe
a further performance degradation.

Nonetheless, together with the ping pong operation rea-
sonably accurate delay estimates might be possible based

Figure 6. CDF of the error for delay estimation based on Unitary ESPRIT
with noise resampling for SINR = 20 dB. Each curve represent the estimation
error of a MPC, and the channel realizations are grouped according to the
minimum delay spacing between the MPCs.

on the Unitary ESPRIT parameter estimation with sufficient
performance for suitable use cases. With N = 5 the resulting
ping pong localization accuracy might be, ideally, t̂5RTT =
±0.025 m to ±2.5 m, while for N = 50, the ping pong
localization accuracy ranges from t̂50RTT = ±0.0025 m to
±0.25 m. Note that these are so far idealistic results and it
remains to be seen how far, especially, larger N values can be
realized in practice.

B. Profiling

The concept of profiling was proposed in [9], it consists,
basically, in performing MPC parameter estimation using the
time domain CIR. Due to the limited space it is not possible
to explain the concept of profiling as such in this paper. The
interested reader is advised to have a look to the given reference
[9]. Here, the profiling concept is mentioned as it illustrates the
possible time delay estimation accuracy of latest algorithms
without the ping pong concept. Figure 7 is the result from an
extensive simulation of the profiling solution of a real world
NLOS radio channel in the Nokia Munich campus. Despite
the challenging radio conditions for this NLOS radio channel,
it was possible to reliably estimate 50 MPCs comprising the
CIR. In addition, the achievable relative delay inaccuracy for
the strongest MPC was about 100 ps or equivalently one to a
few centimeters. Applying in this case the ping pong concept
with N = 10 or N = 50 extremely accurate delay estimates in

Figure 7. Profiled hpro
nl (magenta) versus estimated artificial CIR hart(u

′
)

(black): bottom amplitude [lin] and top phase in [rad + 19]; red: sinc-functions
for construction of hart(u

′
) and blue zoom in: residual error signal.
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the range of 1 to 10 ps (= 0.0003 to 0.003 m) might become
possible in the future.

Combined with a RTT estimation over N = 50 ping
pong operations and for well defined scenarios, sub millimeter
estimation accuracy seems to be achievable. But, one should
note that so far the high complexity for the profiling parameter
estimation needs further considerations before wide spread
usage can be recommended.

C. Considerations about Noise Effects

Additive white Gaussian noise (AWGN) will affect the ping
pong concept including an active mirror operation. There are
several aspects, which should be considered:

• Each active mirror operation will amplify - together
with the gNB signals - the received noise floor. The
noise floor will increase by 3 dB for each retransmis-
sion.

• For a large number N of RTTs the signal to noise
ratio (SNR) becomes a critical issue as the SNR will
degrade by 3 dB times the number of reflections.

• But, noise is similar to the other parasitic effects and
accordingly benefits from the division by the factor of
2N . Therefore, any time estimation errors due to the
AWGN will be reduced by a factor of 2N .

• The really challenging case is when the SNR be-
comes very small such that a proper delay estimate
becomes difficult. For that reason, one has to ensure
a sufficiently high SNR at the UE and the gNB.
In controlled industrial campus environments, having
the highest estimation requirements, very high SNRs
will be possible for LOS connections as the gNB-UE
distances can be low with corresponding low pathloss.

• For positioning there are a number of options to in-
crease the SNR, for example by power boosting of the
reference signals, or by increasing the RF bandwidth
so that the number of reference signals is increased.
Similarly, one might use more resource elements for
reference signals for a given RF bandwidth, either in
the frequency or in the time domain.

• For larger N one should include a noise reduction
similar to well known time domain OFDM methods,
where all time samples from the CIR below a certain
power threshold will be set to zero, see for example
Figure 8 where about 750 out of 800 CIR taps can be
set to zero, i.e., all with exception of those close to the
MPCs. This would improve the SNR by about 12 dB
for each mirror operation.

The above list of relevant aspects suggests some further
research to optimize the overall concept including the noise
issues.

V. CONCLUSION

We proposed the ping pong concept for highly accurate
RTT delay estimations relying on the active mirror operation.
Compared to conventional RTT measurements, the concept
allows to reduce the variance as well as deterministic errors for

Figure 8. CIR and CTF of noisy mirror operation for SNR of 26 dB for two
MPC with a relative delay of 1 cm in a LOS channel.

the delay estimation by a factor of 2 N , where N denotes the
number of RTT transmissions. This implies that for large values
of N - for instance N = 10 or N = 50 - extremely accurate
delay estimation may be achieved. The accuracy improvements
compared to conventional RTT methods is related to the
active mirror operation, reducing the impact of parasitic effects
associated with the UE and the gNB processing.
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