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Abstract. In 5G NR systems, users with restricted signal bandwidth may suffer
from poor positioning and range performance. In this paper, we present a detailed
performance analysis of the frequency hopping method, allowing such users to
cover significantly more frequency bandwidth while having a relatively small
signal bandwidth in a given time interval. The performance is investigated in a
non-stationary frequency selective channel in the absence of phase continuity
between hops using coherent or non-coherent joint full frequency bandwidth signal
processing algorithms. It was shown that the correct operation of the coherent
algorithm requires the phase errors compensation between each pair of signal
frequency hops. The proposed non-coherent signal processing algorithm does not
require correction of the signal phases and demonstrates its advantages for high
mobility users in comparison with the coherent algorithm.
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1. Introduction

Positioning in 5G NR was first introduced in Rel-160 and in the next Rel-17[2], it
received a significant improvement. Improvements include improving accuracy,
reducing positioning delay and UE power consumption. The implemented methods and
algorithms in Rel-17 made it possible to achieve positioning accuracy of several tens of
centimeters for certain scenarios. The description of algorithms for improving the
positioning is presented in [3][4][5]. One of the main parameters for determining the
positioning is the frequency bandwidth of the reference signals for determining the
locations of UEs. The reference signals for positioning are the position reference
signals (PRSs) and the sounding reference signals (SRSs) for the DL (Downlink) and
Uplink (UL), respectively. The bandwidths of these reference signals are 100 MHz and
400 MHz for FR1 and FR2 respectively (Frequency range FR1 is from 450 to 6000
MHz and Frequency range FR2 is from 24250 to 52600 MHz). However, the restricted
signal bandwidth UEs, often called the reduced capability UEs (RedCap UEs), have a
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significantly lower total signal bandwidth (20 MHz or less). Therefore, the accuracy of
location measurement performed for the RedCap UEs will be significantly less in
comparison with the standard 5G NR UEs.

One possible solution to the bandwidth restricted UE problem is to use the
frequency hopping method. This method was widely discussed at 3GPP TSG RANI1
(3rd Generation Partnership Project Technical Specification Group Radio Access
Network) meetings #110 - #114 as the best way to solve the RedCap UE's signal small
bandwidth problem. The method is based on the observation by the receiver of signals
with a restricted bandwidth, obtained using frequency hopping measurements, with
their subsequent combination into the implementation of one wideband signal. For this
method to work correctly, it is necessary that the narrowband reference signals in
adjacent frequency bands provide a consistent combination of them into one wideband
signal.

The main purpose of this paper is to present a detailed performance analysis of the
frequency hopping method for various mobility scenarios using the super-resolution
Multiple Signal Classification (MUSIC)Time Difference of Arrival (TDoA) estimation
algorithm. The analysis is based on the results obtained using the developed System
Level Simulator (SLS) for positioning. It is revealed that the coherent algorithm of
joint processing of hops has a disadvantage, which consists in the requirement of the
narrowband reference signal phases adjustment between all hops for its proper
operation. At the same time, the performance of the proposed simple method of non-
coherent joint processing of hops does not depend on phase errors of the narrowband
reference signals and has its advantage over the coherent algorithm in the case of high
UE mobility.

2. Algorithms for improving positioning accuracy
2.1. Using the super-resolution MUSIC algorithm

The super-resolution MUSIC algorithm is a so-called super-resolution harmonic
analysis algorithm that is typically used for frequency and direction estimation. It can
also be applied for the time of arrival estimation, as is shown in a number of papers
[6][7][8]. For using this algorithm in time domain, it is necessary to estimate the
correlation matrix in the frequency domain. It is assumed that we know the
demodulated reference signals value on each subcarrier, which is equivalent to the
simplest least squares (LS) estimation of the channel transfer function. The idea of a
coherent algorithm is to stitch demodulated reference signals transmitted in different
frequency bands into one wideband signal and evaluate one correlation matrix for it.
On the contrary, in a non-coherent algorithm, its own correlation matrix is evaluated
for each demodulated narrowband reference signal (hop), and then these matrices are
averaged for joint processing.

To improve the single estimation of correlation matrix, it may be averaged over all
observation periods (bands), with the shift by one subcarrier. It is necessary to choose
the optimal ratio between the size of the correlation matrix and the number of
averaging operations. The estimated correlation matrices for a coherent and non-
coherent algorithm can be written as follows (Eq.(1)):
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where RL, andRZ, are the estimated correlation matrices for coherent/non-coherent
algorithms, X; are the stitched demodulated reference signals from all the hops by
length N;, X7'are the demodulated reference signals from the m-th hop by length N, m
are the hop indices in the configuration, N"°Pis the number of hops in the configuration,
L, is the size of the estimated correlation matrix from all the stitched hops for the
coherent algorithm, L, is the size of the estimated correlation matrix from one hop for
the non-coherent algorithm. We will call the forward smoothed correlation matrices the
estimates of the correlation matrices RL, and RZ,. We can improve the estimates of the
correlation matrices using forward- backward correlation matrices as follows (Eq.(2)):

1(FB) ( R 1(B)
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1(FB) and RZ(FB) are the forward backward smoothed correlation matrices for

I(B) and RZ(B)

where R,

coherent/non coherent algorithms, R, are the backward smoothed
correlation matrices for coherent/non coherent algorithms. It can be obtained by
flipping over the anti-diagonal and transposing. Forward-backward smoothing in most
cases gives some gain. It allows achieving the minimum positioning error for some
ratio between the smoothing window size and the total number of available samples.

Although the average over a larger bandwidth may increase the accuracy, we
should note that the estimates under the sums (1) are not independent due to channel
coherence. The major gain may come with averaging over several receive antennas or
over independent time instants.

With the fixed total number of demodulated reference signals, different correlation
matrix sizes can be selected, leaving more or less opportunities for averaging. For the
smaller matrix size, the averaging can be large, and we can get accurate matrix
estimation, although due to size it cannot properly represent channel statistic and the
final positioning accuracy can be low. On the contrary, selection of the larger matrix
size will leave no space for averaging and again, final accuracy may be decreased due
to inaccurate correlation matrices estimation for both considered algorithms.

The analysis made by simulations shows that the value of the coefficient of the
size of the smoothing window, which is close to the optimal value, is about 0.5-0.6 of
the total number of available samples. This means that for each bandwidth size, the size
of the correlation matrix should be about half of the total number of demodulated
reference signals.

The next parameter that needs to be determined for correct application of the
MUSIC algorithm is the number of the channel multipath components L, using the
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minimum description length (MDL) criterion, described in [7]. The distance between
transmitter (TX) and receiver (RX) can be determined by finding the time delays at
which the following MUSIC pseudo-spectrum achieves maximum values as follows
(Eq.(3)): .
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where Siysic and SZysc are MUSIC pseudo-spectra for coherent/non-coherent
algorithms, L}, and Lf, is the estimated number of multipath components for
coherent/non-coherent algorithms, V! and V? are delay steering matrices for
coherent/non-coherent algorithms, Q) and Q2 are matrices of eigenvalues
corresponding to the noise eigenvalue (sizes Ly X (L, — LY)and L, x (L, — %),
accordingly), Af is subcarrier spacing,fis the sample rate, Adis the search step,Tg;iq is
time grid with a step Ad to find the maximum,MAd is the search length.
Modified TDoA Chan algorithm with selection of several AP subsets and
weighting based on residuals is used for absolute position estimation. Algorithms for
determining absolute positioning are described in detail in [9][10][11].

2.2. The algorithm for adjusting the phase error between hops

For a UE with a restricted signal bandwidth, when switching between frequencies, it
may be necessary to change its output Radiofrequency (RF) circuits, and thus phase
continuity between hops may not be established. This problem is one of the
disadvantages of the proposed method when using a coherent algorithm. In this regard,
the application of a coherent algorithm requires phase alignment between each pair of
hops to eliminate phase errors. This procedure can be performed by overlapping the
frequency part for neighboring hops to estimate and compensate the phase error. Thus,
the estimation of the phase error for one of the pairs of hops ¢, in the configuration
can be made as follows (Eq.(4)):

P = E{arg{Yle*}}, 4)

whereY;, Y, the areas of overlapping of are demodulated received reference signals
(hops) for the first and second hops in the configuration, arg is the argument of a
complex number, E is the averaging. After the evaluation of the phase error between a
pair of hops, the phase of the second hop is aligned relative to the first one as follows

(Eq.(9)):
ng]'ust — Xze—}?ﬁz\l , 5)
where X, and X. ; 4just are demodulated received reference signals (hops) for the second

hop before and after adjusting the phase error, respectively. This procedure is
performed for each pair of neighboring hops in the configuration successively until full
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phase continuity is achieved. This algorithm is based on the standard algorithm used in
orthogonal-frequency-division-multiplexing (OFDM) systems for carrier frequency
offset (CFO) compensation, as described in[12][13][14].

3. Simulation assumptions for estimating positioning accuracy

The main parameters of the scenario used for estimating positioning accuracy are
shown in Table 1. The Indoor Factory with Sparse clutter and High base station height
(InF-SH) scenario of 5G NR network deployment described in 3GPP TR 38.901[15] is
used to evaluate the UE’s positioning accuracy in the developed SLS. This scenario
represents large factory halls with sparse clutters, which are large machines made up of
regular metal surfaces. In this scenario, the transmission and reception points (TRPs)
are placed in a rectangular room, 300m x150m in size, and the UE can occupy any
position with equal probability. The number of TRPs is 18 and the distance between
them is 50m. The well-known 3GPP-adopted channel model [15] that thoroughly takes
into account path losses, shadowing, fast fading, Doppler and antenna effects is used
for simulations.

Table 1.Main scenario parameters for estimating positioning accuracy.

Parameters Assumption
Carrier Frequency 3.5GHz
Transmission Bandwidth 86.4 MHz (240 RBs)
Scenario InF-SH
SCS 30 kHz

Type of reference signal

Frequency hopping
pattern configuration

Size of reference signals

Coefficient of the size of the
smoothing window

TX/RX Antenna configuration

Deployment

Algorithms of joint
processing hops

Distance algorithm
Positioning algorithm

Phase between hops

UL SRS, Comb 4

17.3 MHz (48RBs) x 5slots
Diagonal hop pattern

1 hop: 576 subcarriers
5 hops: 2880 subcarriers
0.6

1x1

Total number of UEs = 500

UE’s vehicle speed = 3 km/h; 30
km/h; 60 km/h; 120 km/h

Room size, m: length = 300
width =150
height = 25

Coherent/Non-coherent

MUSIC
TDoA (Chan)

Uniform random, (0,27)




A. Maltsev et al. / Method and Algorithms for Improving Positioning Accuracy for Users 455

The reference signals are UL SRS, the configurations of which are described in the
3GPP technical specification[16]. In the current Rel-18 specification, UL SRS
configurations may not support all required combinations of hop count and occupied
bandwidth. So, for the considered 5-hop configuration, the maximum achievable
bandwidth is only 86.4 MHz, where one hop occupies 17.3 MHz bandwidth. For this
reason, this particular configuration was used in this work for simulations.

Figure 1shows an illustration of the allocation of 5 hops with and without overlaps.
The SRS has a comb structure and can occupy several OFDM symbols in a slot,
depending on the selected configuration, but when folding the sequence from each
OFDM symbol of the slot, the SRS signal covers the entire band of one hop.

Diagonal hop pattern with overlapping area Diagonal hop pattern w/o overlapping area
for coherent algorithm for non-coherent algorithm

AAT A J
= +
Symbols with SRS Symbals with SRS
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4RBs

BW 86.4 MHZ, 240 RBs
I
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—
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Figure 1. Illustration of a diagonal hop pattern with and without subcarriers overlapping of sounding
reference signals (SRSs) from the adjacent frequency bands

It is interesting to compare the typical observation and processing duration (several
slots) with the channel coherence time value, which characterize channel variations.
For the considered channel model, typical coherence time is reverse proportional to the
Doppler frequency spread fy. For the LOS-dominant channel, (which is the case here),
the main LOS ray will change its phase to the opposite (+ 7) over a period which is also
reverse proportional to the f;. Taking maximum speed of 120 km/h and 3.5 GHz carrier
frequency, Doppler frequency (shift) will be around 390 Hz. This corresponds to the
channel coherence time of 1ms — or about two slots. In our case the observation time (5
slots) is much larger than this period, and on the first glance, that may lead to the
serious degradation of the ToA estimate accuracy. However, it should be noted, that the
proposed coherent algorithm executes the tracking of the dominant LOS channel ray
phase (it is possible due to the overlapping of neighboring slots) and therefore may
improve the accuracy of the ToA estimate for some specific configurations of
subcarriers overlapping and mobility parameters. Actual simulation results provided in
the next sections will demonstrate all these effects in details.

4. Simulation results
In this section, we present the simulation results obtained using the developed SLS

positioning. The first results of the study are focused on the question of finding the
optimal overlap size required to equalize the phases for using the coherent algorithm.
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On the one hand, as the overlapping bandwidth increases, the accuracy will increase
due to an increase in the efficiency of phase error compensation; but on the other hand,
the positioning accuracy will decrease due to a decrease in the total sounding reference
signals (SRSs) frequency bandwidth.

Figure 2 shows a plot of the full set of simulation results summarizing the
performance for various overlapping sizes for 5 hops for super-resolution MUSIC
TDoA estimation algorithm. The curves show the 90% cumulative distribution function
(CDF) values of positioning errors in meters vs. overlapping size of the adjacent SRSs,
measured in the number of resource blocks (RBs). As can be seen, positioning accuracy
can be significantly improved if the phase between each hop is correctly adjusted. In
the case of low UE mobility (3 km/h), the overlapping of only 2 RBs (24 subcarriers) is
the most optimal, phase error estimation between each pair hops already has high
accuracy and a further increase in the overlapping size only results in a loss of the total
band and decreases the positioning accuracy. With the growth of UE mobility, a larger
overlapping size is required, so for a velocity = 120 km/h, an overlapping of 5 RBs (60
subcarriers) is optimal.

InF-SH, MUSIC, 17.3MHz x 5 hops, Coherent algorithm
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Figure 2. Plot of 90% CDF values of positioning accuracy vs. overlapping size of sounding reference signals
(SRSs) from the adjacent frequency bands

Figure 3shows the plot of the set of simulation results summarizing the
effectiveness of the coherent/non-coherent algorithms for different mobility scenarios
for super-resolution MUSIC TDoA estimation algorithm. This plot shows CDF values
of positioning accuracy. For a coherent algorithm, a fixed overlap size equal to 4 RBs
(48 subcarriers) is considered for all cases of user mobility. As can be seen, the
performance of the coherent algorithm is highly dependent on the mobility of the user,
since it degrades the accuracy of the phase error estimate between each hop. Thus, as
the velocity of UE increases to 120 km/h, the positioning accuracy degrades by 38 cm
at the CDF level of 90% (blue and green dashed curve, respectively), while the
proposed non-coherent algorithm does not require phase alignment and has a very
weak dependence on the mobility of the UE and loses only 3 cm at the CDF level of
90% (blue and green solid curve, respectively). The performance of the coherent
algorithm is higher compared to the non-coherent algorithm for UE velocity up to 30
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km/h, but after that the coherent algorithm begins to lose significantly to the non-
coherent algorithm.

InF-SH, MUSIC, 17.3MHz x 5 slots
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Figure 3. Performance of coherent/non-coherent algorithms of joint processing of hops

5. Summary

In this paper, we presented a detailed UE positioning performance analysis of the
frequency hopping method for various mobility scenarios using the super-resolution
MUSIC TDoA estimation algorithm. This analysis was carried out on the basis of the
results obtained from the developed SLS simulator. It is shown that the correct
operation of the coherent algorithm requires compensation of phase errors between
each pair of signal frequency hops. The optimal frequency hop overlap size for phase
adjustment was also found for different UE mobility cases. It is demonstrated that the
proposed algorithm of non-coherent signal processing does not require signal phase
correction and demonstrates its advantages for users with high mobility compared to
the coherent algorithm. It follows from this that the proposed non-coherent algorithm
for joint processing of frequency hops for UE with limited bandwidth can be applied in
practice along with the coherent algorithm. For high mobility case it has higher
performance and also does not require additional computational and overhead
resources.
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