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ABSTRACT

The problem of position estimation of a mobile user equipped
with a single antenna receiver using downlink transmissions
is addressed. The advantages of this setup compared to the
classical MIMO and uplink scenarios are analyzed in terms
of achievable theoretical performance (Cramér-Rao bounds)
considering a realistic power budget. Based on this analysis,
a low-complexity two-step algorithm with improved localiza-
tion performance is proposed, which first performs a (coarse)
angle of departure estimation and then precodes the down-
link signal to introduce beamforming towards the user direc-
tion. Results demonstrate that position estimation in downlink
can be potentially much more accurate than in uplink, even in
presence of multiple users in the system.

Index Terms— position estimation, downlink, angle of
departure (AOD), mmWave, 5G cellular networks

1. INTRODUCTION

Millimeter-wave (mmWave) and massive multiple-input
multiple-output (MIMO) are considered key enablers for
future wireless systems, including 5G cellular networks.
Besides high data rates, they also allow for very accurate
localization of mobile stations (MSs) thanks to much larger
bandwidth and highly directional communications [1, 2].
Compared to previous-generation systems, this brings new
possibilities [3]: together with the time-of-flight (TOF) mea-
surements [4] that are also possible with traditional SISO
systems, angular measurements can be also performed and
represent a very useful source of information for positioning.
However, in the near future, before full-fledged MIMO tech-
nology will be ready, it is expected that a large number of
antennas will be available only on the base station (BS) side,
i.e., a multiple-input single-output (MISO) setup.
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In general, the most direct way to obtain accurate angu-
lar measurements is using the angle-of-arrival (AOA) [5, 6];
however, in a MISO system with the array on the BS, this im-
plies the use of uplink (UL) transmissions. This may present
some drawbacks. First, the power budget in UL is generally
much more unfavorable than in downlink (DL), thus resulting
in poorer signal-to-noise ratio (SNR). Second, the processing
load is put on the BS, which can be problematic in future 5G
networks due to the expected massive number of low-power
devices (smartphones, smart watches, etc.) that need to trans-
mit to the BS under the IoT paradigm [7, 8]. Therefore, an
interesting alternative is to perform angular measurements in
DL, which implies the estimation of the angle-of-departure
(AOD). In [9], the fundamental limits of position estimation
for UL and DL in mmWave MIMO systems have been in-
vestigated, and a compressed-sensing algorithm that jointly
exploits AOD, AOA, and TOF has been proposed in [10].

In this paper, we provide a two-fold contribution to the
problem of estimating the MS position using DL transmission
under a MISO system setup. First, we carry out a deeper the-
oretical comparison between UL and DL positioning, com-
plementing the preliminary analysis provided in [11] with a
precise assessment of the achievable performance when a re-
alistic power budget for the UL is considered, also taking
into account the presence of other users. Then, we propose an
adaptive design of the transmit beamforming matrix, exploit-
ing a (possibly coarse) knowledge of the direction where the
MS is located. The theoretical analysis in terms of Cramér-
Rao bound and numerical results together demonstrate that
position estimation in DL can be potentially much more ac-
curate than in UL, even in presence of multiple users in the
system. As a second contribution, we propose a practical low-
complexity algorithm that leverages the insights derived from
the analyses to achieve improved localization performance.

2. SYSTEM MODEL

We consider a MISO system with a BS equipped with Ny
antennas and a MS equipped with a single antenna. We fo-
cus on a 2D scenario, where the BS is located in the origin,
and we denote by p = [p, p,|7 the unknown MS position.



The BS communicates by transmitting orthogonal frequency
division multiplexing (OFDM) signals over [N different sub-
carriers. Particularly, G signals are sequentially transmitted
over time, with the g-th transmission comprising M different

symbols for each subcarrier n = 0,..., N — 1, i.e., &9[n] =
[z1[n] -+ zp[n]]T € CM*1. Symbols are precoded through
the beamforming matrix F = [fy, fa,..., far] € CNesxM,

with ||F|lp = 1, then transmitted over subcarrier n at time
slot g as s9[n] = Fax9n|,g=1,...,G.

We focus on the LOS-only link between the BS and the
MS. Assuming a narrowband communication using band-
width B and a carrier frequency f., and that a preliminary
synchronization step has been performed to compensate for
the unknown clock offset [12, 13], the complex 1 X Ny
channel vector at subcarrier n can be expressed as

—j2nnT H

Nysae NTs ag (0) €))

hT[n] =

where T, = 1/B is the sampling period, o = h/,/p with h
complex channel gain and p denoting the path loss. We will
denote by r and ¢ the modulus and phase of «, while 7 and
0 denote the TOF and AOD of the LOS link, respectively.
Without loss of generality, we consider a uniform linear ar-
ray (ULA) with isotropic antennas, having steering vector

T
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Ae = ¢/f. and d = \./2. The received signal related to the
g-th transmission over subcarrier n is given by

y?[n] = VPhT [n]F2’[n] + v[n] )

with P transmit power and v9[n] circularly complex Gaus-
sian noise having zero mean and variance o2. Without loss of
generality, we assume o2 is known.

3. DOWNLINK VS UPLINK LOCALIZATION:
THEORETICAL ANALYSIS

3.1. Bounds for Single-Antenna User

For the sake of the analysis, we rewrite in a different form the
Fisher information matrix (FIM) and the Cramér-Rao Lower
bound (CRLB) for UL and DL positioning in mmWave in the
case of single-antenna users. We define the vector of unknown
channel parameters as ¥ = [r ¢ 0 7|7 € R (o = red?).
Then, the FIM in the position domain for both UL and DL is
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where V is the gradient with respect to 1, 1 = [r ¢ p py|T
is the vector of location parameters, and T' = 81# isad x4

transformation matrix (see [11] for explicit calculatlon of its
entries). The factor P/o? has clearly the meaning of a SNR.
The argument m?|[n| of the gradient for DL can be obtained

by inserting (1) into the noise-free version of (2), while for
the UL the argument m?[n] can be found in [9]:

m9[n] = /PNpsa exp (%) all(9)Fz9[n] for DL
mI[n] = /P Npsa exp ( ]1\?;"7) ays(0)z9n]  for UL
The gradient for the DL can be easily obtained as
all(9)Fz9[n]
Vm?[n]=/PNgse’®e =R _]27r;girci}35(9})11(;:§25]1w9[ ]
i 11 (9) Fart )

where B = diag[0 1 --- (Nps — 1)], while for the UL
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By explicitly computing the outer product and summing
over all transmissions and subcarriers, it is possible to prove
that the entries of the FIM scale with %N G Ny, for both UL
and DL!. Thus, the CRLB can be approximated as

1
NGN,P/o?

where A" are two matrices independent of Ny, GG, and .

The position error bounds (PEBs) can be then com-
puted by adding the third and fourth diagonal entries of the
CRLB,,”" matrix, and taking the square root as PEB""" =

\/ [CRLBy™], , + [CRLBy™]

j-th diagonal entry of CRLB, ™. The analysis above thus
reveals that the performance in terms of PEBs will scale by a
factor approximately equal to v/\ when any of the parameters
N, G, Ngs, P/o? is multiplied by \.

By further inspecting J,)"™ it is possible to show that the
entries of the two matrices A" contain the terms || Fay]|?
and |[FY Bay||? for DL, while the expressions for UL are
llass||> = 1 and ||Bays||> ~ N2/3, respectively. By the
Cauchy-Schwarz inequality, || FHays||? < ||ass||? (and anal-
ogously for the other term) so we conclude that, for the same
transmit power P, UL provides more information than DL.
For the off-diagonal entries (assuming a symmetric spectrum
and large Vi), it can be shown after some calculation that
only the terms relative to 6 and ¢ remain, and they are propor-
tional to all Bays ~ Nys/2 in UL and R{a!!FF"Ba} ~

N;s/2 in DL. This implies that the FIM in UL and DL be-
haves essentially in the same way (asymptotically), but with a
performance penalty for the DL, which can only be mitigated
through the larger DL transmit power or through the beam-
forming matrix F'.

CRLBUL/DL — (JUL/DL)—l o AUL/DL
n n

where []; ; selects the

IDetails of the proof are omitted due to space limitations. The main as-
sumptions are large NNV, i.i.d. symbols with zero mean and unitary variance,
and independence of F' and aps(0) with respect to n and g, so that the nor-
malized sums can be approximated by the corresponding expected values.
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Fig. 1: PEBs in UL and DL for Nz = 10 and for a varying N
as a function of the SNR.

3.2. Downlink vs Uplink Localization

We have seen from the theoretical analysis above that there
exists a gap in the achievable accuracy, with the UL exhibiting
higher estimation performance than DL, when the transmit
power (as well as all the other parameters) are the same.

To confirm this finding, we report numerical results
assuming a BS located at known position [3 0]7 [m] and
equipped with Ngs = 10 antennas, while the MS is placed at
p = [5 15]T [m], so that the distance between them reflects
the realistic coverage expected in 5G communications [4].
Moreover, f. = 60 GHz, B = 40 MHz, and the transmit
power P is varied to obtain different SNRs, but always below
the maximum value of 1 W reported in [14] (more precisely,
to obtain SNRs between 0 and 25 dB, P approximately
ranges from 1 mW to 100 mW). In absence of knowledge
about the MS position, the beamforming matrix F' is set to
M uniformly-spaced beams. The number of transmissions is
G =1, and the path loss p is computed according to [15]. Fi-

def

nally, the SNR (in dB) is defined as SNR £ 101log; (

with Ny B the noise power.

In Fig. 1, we depict the PEBs as a function of the SNR for
a varying number of subcarriers [V. As it can be noticed, the
performance gap between UL and DL channels is evident in
all the considered cases. Notice that for the considered small
values of the parameters the scaling is not exactly v/2 (espe-
cially for DL) and is slightly different between UL and DL.
This is visible in Fig. 1 and translates into about 6 dB gain
in DL vs about 4 dB gain in UL, a difference that anyway
disappears for larger IV since UL and DL both scale in the
same way (as found in the asymptotic analysis in Sec. 3.1).
A similar behavior can be observed on the other parameters,
confirming that the gap cannot be filled when UL and DL have
the same parameters.

However, one should notice that the power budget in UL is
typically much lower than that in DL, as better explained later.
Moreover, we will show below that the performance in DL
can be significantly improved by resorting to adaptive beam-
forming. In [11], it has been proved that at least two distinct
beams are necessary to solve for the unknown MS position
using a single-antenna receiver. We start by studying the case
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Fig. 2: CRLBs of d, 6 and p as function of the SNR for UL
and DL with uniform and adaptive beamforming matrix F'.

in which the AOD 6 is perfectly known to the BS, and is used
to steer the transmission towards the MS. More precisely, we
consider a beamforming matrix> F' = [f; f] where

1 j 27 d si ; pE T
fl = |:1 e]Tdsm(eJrﬁ) . eJ(NBsfl)Tdsm(GJr&) :|
VNss
4)
fg = ! [1 ejQTWdSin(ef‘s) L. e.j(NBS*l)szdSin(Qf(ﬂ }T
VNas
&)

are the two distinct beams, and § is a prefixed beams sep-
aration interval; considering that the half-power beamwidth
of a ULA is roughly equal to 2/N [16], in the following we
consider § = 1/N = 5° so as to have a sufficient overlap
of the two beams. It is worth noting that such a design does
not require any specific optimization, hence it can be easily
implemented once the AOD information is available.

In Fig. 2, we compare the CRLBs of d = c7, 6 and p de-
rived on the basis of the FIM analysis in Sec. 3 for V = 20, as
a function of the SNR. We first notice that, in real scenarios,
the transmit power in the UL can be as low as 10 mW [17], a
value 20 dB less than the maximum power in the DL (1 W).
To conduct a fair comparison, in the following we assume
that the UL has a transmit power which is 10 dB less than
DL. In this more realistic setup, the theoretical bounds of the
UL (solid red curves) significantly increase, but the gap with
the DL using a uniform F is still present. Remarkably, adopt-
ing the proposed precoding matrix F' leads to a dramatic im-
provement of the DL performance, with accuracy (solid blue
curves) that is about 60% higher than that in the UL (under re-
alistic power assumptions). This behavior can be explained by
noting that steering the transmission towards the MS enables

2Before renormalization to guarantee || F|| p = 1.
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Fig. 3: Theoretical performance as a function of the error £¢
for SNR = 5 dB, also in presence of multiple users.
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Fig. 4: RMSE of estimated p in DL versus 2D ML estimator
in UL (with 10 dB less power) as a function of the SNR.

a much more accurate estimation of the AOD, with a gain of
about 25 dB compared to the case of uniform F'. Furthermore,
the impact of the beamforming leads to a 10 dB gain in the
estimation of the TOF, resulting in an overall improvement of
the PEB. This is an interesting finding since it demonstrates
that in practical settings (unequal powers) position estimation
in DL can be much more accurate than that in UL, in spite
of the fact that the latter exploits a [Nzs-dimensional vector of
samples for each subcarrier (array at the BS).

To complete the analysis, we evaluate the achievable per-
formance assuming that the AOD 6 is known to the BS up to
an estimation error, i.e., 0 =0 + ¢p. In Fig. 3, we compare
the PEBs as a function of 4, for SNR = 5 dB. The obtained
results reveal that the MS can be accurately localized in DL
even in presence of significant pointing errors (up to 10°).

To further inspect the impact of the proposed beamform-
ing, we investigate the achievable performance in presence
of other users in the system, i.e., the case in which the BS
allocates additional beams in F' to serve multiple directions.
When at least two users are present, one beam to each user
is indeed theoretically sufficient to guarantee a non-singular
FIM. However, we opted to allocate two beams for each user
as done in (4)-(5) so as to introduce robustness against errors
in the pointing directions. From Fig. 3 it emerged that, by us-
ing the proposed F', the BS can simultaneously serve multiple
users while the MS can localize itself with an accuracy always

better than the one in the UL, even when the system is close
to the maximum number of users that can be served.

4. PROPOSED APPROACH AND RESULTS

The theoretical analysis provided so far demonstrates that a
very accurate localization can be obtained in the DL when
a suitable F' is adopted. In this section, we propose a low-
complexity algorithm that leverages the insights from the
analyses in Sec. 3.2 to improve the localization performance.
The proposed approach involves a two-step process:

Step 1 The BS broadcasts in DL using a uniform beamform-
ing F' (no information about the MS). The MS exploits
a two-way protocol to solve for the unknown synchro-
nization offset; then, it computes a first coarse estimate
of 7 and 6 through the low-complexity unstructured
ML estimator (UML) [11], which only requires two
simple 1D searches over the space of 7 and 6.

Step II The MS sends in UL the first coarse estimate of 6
back to the BS, which can then adaptively adjust F' us-
ing two beams steered towards 0 (ref. Sec. 3.2). From
now on, the MS can compute position updates (using
the UML estimator) by exploiting the sole DL channel,
benefiting from more directional transmissions.

Fig. 4 reports the RMSE of the proposed algorithm vs. SNR,
for a different number of served users (three additional users
placed at 10°, 25° and 64°). We compare the proposed ap-
proach against the 2D ML estimator for the UL derived in
[18, 19], which performs an exhaustive 2D search in (7, ) to
estimate p. Since it closely attains the corresponding PEB, it
can be taken as a benchmark for the UL. As it can be seen,
the proposed approach significantly outperforms the ML esti-
mator in the UL, with much lower computational complexity,
even in presence of multiple users. In terms of channel utiliza-
tion, it preserves all the advantages of a DL-only positioning
approach, limiting the use of the UL only to the preliminary
synchronization phase and to feedback the coarse estimate ]
obtained in Step 1.

5. CONCLUSION

We have investigated the problem of MS position estimation
in mmWave MISO systems. A theoretical comparison be-
tween UL and DL has been conducted, showing that a suitable
design of the transmit beamforming can make the position
estimation in DL much more accurate than in the UL un-
der realistic power assumptions. Based on such analysis, we
have proposed a practical two-step algorithm, which exploits
adaptive beamforming to provide high accuracy localization
in DL, even in presence of multiple users. Remarkably, it
preserves all the advantages of DL-only positioning, while
enabling localization of MIMO devices even in presence of
severe obstructions, if just one antenna is in LOS with a BS.
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