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Abstract—Millimeter-wave (mmWave) multiple-input multiple-
output (MIMO) system for the fifth generation (5G) cellular
communications can also enable single-anchor positioning and
object tracking due to its large bandwidth and inherently high
angular resolution. In this paper, we introduce the newly invented
concept, large intelligent surface (LIS), to mmWave positioning
systems, study the theoretical performance bounds (i.e., Cramér-
Rao lower bounds) for positioning, and evaluate the impact of
the number of LIS elements and the value of phase shifters on
the position estimation accuracy compared to the conventional
scheme with one direct link and one non-line-of-sight path. It
is verified that better performance can be achieved with a LIS
from the theoretical analyses and numerical study.

I. INTRODUCTION

Conventionally, indoor and outdoor positioning is carried
out by using received signal strength (RSS), time-difference-
of-arrival (TDoA) [1] or fingerprinting-based approaches [2],
[3]. Recently, efforts on positioning has been made by leverag-
ing millimeter-wave (mmWave) multiple-input multiple-output
(MIMO) systems and the geometric relationship between the
base station (BS) and the mobile station (MS) [4]-[8]. It
was shown that even a single BS can achieve promising
positioning accuracy. Extensions to multiple-carrier and multi-
user scenarios were studied in [7].

Practical positioning algorithms for the single-anchor
mmWave MIMO system can be classified into two major cate-
gories, i.e., direct positioning [6] and two-stage positioning [4],
[51, [71, [8]. The direct positioning aims at estimating the coor-
dinates of the MS from the received signal directly, while the
two-stage positioning first estimates the instantaneous channel
realization: the channel gains, the angle of departure (AoD),
the angle of arrival (AoA), and the time of arrival (ToA). In
the second stage, the user location is calculated based on the
channel estimates and the environmental geometry.

Large intelligent surfaces (LIS), also known as reconfig-
urable intelligent surfaces (RIS), can effectively control the
propagation wave, e.g., phase and even amplitude, without
any need of baseband processing units [9], [10]. The LIS has
been proposed to be used as a Tx/Rx antenna like in hybrid
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Fig. 1: Positioning system with the aid of a large intelligent surface
and multi-carrier mmWave OFDM signals. The coordinates and ori-
entation of MS, (mz,m,) and «, are unknown and to be estimated.

beamforming for positioning [11] and relay type reflector for
communications [9].

In this paper, we study the positioning with the assistance
of a LIS based reflector and multiple subcarriers at mmWave
frequency bands. First, the performance bounds (i.e., Cramér-
Rao lower bound) are evaluated based on the equivalent Fisher
information matrix (FIM). The impact of the LIS, e.g., phase
shifter value and the number of LIS elements, is studied
on the estimation of channel parameters, positioning error
bound (PEB), and orientation error bound (OEB). Numerical
results show the superiority of the LIS aided mmWave MIMO
positioning system over its conventional counterpart without
incorporating a LIS.

II. SYSTEM MODEL

The positioning system is presented in Fig. 1, which consists
of one multiple-antenna BS, one multiple-antenna MS and
one LIS. We consider a two-dimensional (2D) scenario with
uniform linear arrays (ULAs) for both the antenna elements
and LIS elements (i.e., analog phase shifters). The numbers
of antenna elements at the BS and MS are Ny and Ny,
respectively, while the number of LIS elements is N;.. No
rotation is assumed for the BS and the LIS while a-rad
rotation is assumed for the MS. The objective of the system
is to localize the MS and estimate its orientation by using
the received signals at the MS with N mmWave orthogonal
frequency division multiplexing (OFDM) subcarriers.



The propagation channel is composed of one direct path and
one reflection path via the LIS. The direct channel between
the BS and MS for the n-th subcarrier is expressed as

- nB
Hgm[n] = ppme 727N . (dsm)af (Osm),

forn=—-(N-1)/2,--- ,(N-=1)/2, (1)

where a,(¢gp) € C™*1 and ay(fpm) € CNoX1 are
the antenna array response and steering vectors at the
MS and BS, respectively. The i-th entry of «,.(¢pnm) and
(O m) are (o, (dpu)]; = €727 =R 5003 o, (G )]s =
ei2m(i=1)% sin(®ey) with d being the antenna element spacing’,
A being the wavelength of the signal, and g and ¢p v being
the AoD and AoA, respectively. j = \/—1, Tpm is the ToA, B
is the overall bandwidth for all the subcarriers, and B < fcz,
where f, is the center frequency. pgy € R™ is the free-space
path loss occurred in the direct link for all the subcarriers, and
() denotes the conjugate transpose operation.

The two tandem channels (Hgy[n] € CNoXNe for the first
hop and Hj p[n] € C¥*Ne for the second hop) for the n-th
subcarrier, which connect the BS to the MS via the LIS, are
defined as

Hg[n] = PB,Le_j%TB‘L% o, (¢pr)at (0p1), 2

and

H; m[n] = pL,M€7j2ML’M%ar(¢L,M)af{(9L,M)7 3)

where the notations o (0p 1), a-(dpL), at(OLm), ar(PLm),
PBL> PLM, TBL, and 71 are defined in the same way as those
in (1).

The entire channel, including both the line-of-sight (LoS)
path and the non-line-of-sight (NLoS) path (i.e., the reflection
path via the LIS), between the BS and the MS for the n-th
subcarrier can be formulated as

H[?’l] = HB,M [Tl] + HL,M [TL]QHBYL[’I’L}, (4)

where Q = diag(exp{jwi},--- ,exp{jwn, }) € CM*M jg
the phase control matrix at the LIS. It is a diagonal matrix
with constant-modulus entries in the diagonal.

Assuming that precoding F is exploited at the BS and the
positioning reference signal (PRS) x[n] is transmitted over the
n-th subcarrier, the downlink received signal is in the form of

y[n] = VPH[n]Fx[n] + nfn], o)

where each entry in the additive white noise n[n]
follows circularly-symmetric complex normal distribution
CN(0,20?), and P is the transmit power of the PRS.

'With notation reuse, d also denotes element spacing in the LIS.

2 All the wavelengths \’s of the subcarriers are nearly the same because of
B < fe.

The geometric relationship among the BS, LIS, and MS is
formulated as

78m = [[b —ml2/c,
7BL + 7Ly = [b—1f2/c+ [lm —1][>/c,
Opm = arccos((m, — b;)/||b — ml|2),
Op1 = arccos((l, — b,)/|I1 = b|l2),
Or.m = — arccos((my — 1) /||l — m]|2),
¢pm = ™+ arccos((mz — b,)/||b —m|2) — «
=17+ GB,M — Q,
¢pL = —7 + arccos((lp — bz)/||b = 1||2) = —7 + O,
¢Lm = 7 — arccos((my — 1) /||l — m|2) — «
=7+ HL,M -,

pey = (b —ml|2) 72,

pr = (b —=1]|2)7"/2,

pry = (1= mlo) /2, (6)
where b = [b, b,]T, 1 = [l [,]T, and m = [m, m,]T
are the centers of the BS, LIS, and MS, respectively, « is
the orientation of the MS, u is the path loss exponent, ¢
is the speed of light, and | - |2 stands for the Euclidean
norm. Based on Fig. 1, we can further impose the following
constraints on the channel angular parameters: 1) 0z, 051 €
(0,7'('/2), 2) 9L,M S (—77/2,0), 3) ¢B,L S (_ﬂ-a _77/2)’ 4)
oM, oLy € (m/2,7), and 5) o € (0,7/2). It should be
noted that we consider far-field communications. Therefore,
additional constZraints are imposed to the number of LIS
elements: M < ||b—1|| and M < |l1=m]|, which can
be summarized as Ny, < % -min{,/|[[b = 1|, /|1 — m][}.

Under the condition that the positions of the BS and the LIS
are known a priori, the system can be virtually regarded as a
two-LoS aided positioning system. Intuitively, better position
estimation accuracy is expected compared to the scenario,
which is a mixture of one LoS path and one NLoS path [4].

IIT1. PROBLEM FORMULATION

We wuse the two-stage approach to estimate the
user coordinate and orientation. In the first stage,
we estimate the channel parameters, defined as

n = [7BM08M: OBM, PBM; TLM, SLM, pLm]” with ()T
denoting the transpose operation. The estimate of 77 can be
presented in a general form as

n=n+w, (N

where w ~ CA(0, X) denotes the estimation error.
Relying on the estimate 7), we further obtain the MS’s
coordinate 1 and orientation & via

[m, 4] = aﬁgm?x p(nn(m, o)) ()
= afgm}n (7 — n(m, a))"27(H — n(m,a)), )

where n(m,«) is a function of m and «, building the
relationship among 7, m, and « detailed in (6).



In practice, the estimate of 7 can be done via compres-
sive sensing techniques, e.g., orthogonal matching pursuit
(OMP) [12], basis pursuit (BP) [12], or approximate message
passing (AMP) [13] due to the inherent sparsity property of
the mmWave MIMO channels [14].

The goal of the LIS aided mmWave MIMO positioning
system is to minimize the average distortion of the position
estimation with Euclidean distance measure, i.e.,

var(m) = E[(mg — 1i1:)*] + E[(my —1iv,)?],  (10)

and that of orientation estimation, i.e.,

(1)

var(a) = El(a — @7,

where E[] is the expectation operator.

IV. CRAMER RAO LOWER BOUNDS

In general, we aim at calculating the Cramér Rao lower
bounds for the vector-valued unknown parameter ( =
[mz m, o]T. However, it is not straightforward to obtain
them. We first calculate the Fisher information matrix (FIM)

of n for the n-th subcarrier, deﬁr}{ed as J[n] € R™7 with
[Bnllig = Ualni,ny) = LR{EZLEAY, where pln] =
VPH[n|Fx[n]. The details on all the elements in J, are
described in Appendix A.

Observation 1: According to (18), (25), (31), and (36), the
estimate of channel parameters in the direct link is independent
from the NLoS via the LIS. The estimation performance
depends on the design of precoding matrix F and PRS x[n].

Observation 2: According to (40), (43), and (45), the esti-
mate of channel parameters in the indirect link is independent
from the LoS. The estimation performance depends on S3[n],
which is a function of F, PRS x[n] and €2, in the form of

Bn] = af (6Lm) Qo (dsL) e (05L)Fx[n]

= [ (6im) © o (dp)] " wa' (B )Fx[n],  (12)
where @ = diag(w) and © denotes element-wise prod-
uct. |B[n]] < Nplaf (0gr)Fx[n]|. When w; = 2n(i —
1) [sin(0m) — sin(¢p)], [Bn]] = Nelef! (0p,0)Fx[n]|. In
other words, when F and x[n] are fixed, we can get the optimal
estimate of channel parameters in the indirect link when the
phase control matrix at LIS satisfies the following condition:
w; = 2m(i — 1) $[sin(fpm) — sin(p)].

Then, we derive the Jacobian matrix T; with [Tq];; =
0n;/0¢;, detailed in the below:

/Oy = <250BM)

C

sin(fpm)
00 Om, = 0 Omy = ——UBM)
/Ot = 00/ e ==

Opsm/Omy = —p/2[b — 1“““27“/271 cos(fsm),
Orfomy = 80 g0 gy, = S00LM)

¢ ||1 - mHz

OpLm/Omy = —p /2|1 — m||27“/271 cos(OLm),

in(6
(9TB’M/(9my = LH(CB’M)’
cos(fgm)
393,M/8my = 3¢B,M/8my = m,

Dps/Omy = —p/2]|b — ml ;"> sin(0pp),
sin(fm cos(fLm
(7)76¢L,M/amy = ”1_(m”i7
DpLaa/Omy = —p1/2|1 — m|; /> sin(0Lm),
Ompm/0a = 0,

00 m/0c = —1,0¢p /0 = 1,

Oppm/Oa = 0,07 m/0a = 0,

8TL,M/8my =

8¢L,M/8a = —1, apL,M/aa =0. (13)
The FIM of ¢ for the n-th subcarrier is
J[n] = T 3[n]TT, (14)

and by summing up all the contributions from the N subcar-
riers, the FIM J of ¢ is in the form of

(N-1)/2

n=—(N-1)/2

J= (15)

The objective is to find the minimal theoretically achievable
value for the standard deviation of positioning estimation error
and orientation estimation error, which is the Cramér Rao
lower bound, written as

PEB = \/tr{[J~!]1.2.1.2} < \/var(m), (16)
and
OEB = /[J~1]33 < \/var(a). (17)

V. SIMULATION RESULTS

The parameters are set up as follows: (b,b,) = (0,0),
Iz, 1) = (160/3,80), (Mg, my) = (80,40), a = 7/10, pn =
2.08 (path loss exponent), Ng = 128, Nyy = 32, N = 31,
B = 100 MHz, f. = 60 GHz, and o = 7/10. According to
the far field constraints, Ny, < 138. The signal-to-noise ratio
(SNR) is defined as J—Pz. For the purpose of comparison, we
introduce a benchmark scenario [4] with one LoS and one
NLoS path with the scatter located at (160/3,80). For the
calculation of theoretical performance limits, the location of
the scatter is deterministic but unknown to the MS.

A. Impact of the LIS: Phase Shifter

In this experiment, we set each element of f = Fx[n]
as e/ with v ~ U0 2x], Vn. It shown in (12) that if
w; = 2m(i — 1)4[sin(fLm) — sin(¢p.)], the diagonal entries
in FIM, e.g., (40), (43), and (45), can achieve the maximum
value, i.e., ol (6m)Qa,.(¢ppr) in 3 satisfies the following
condition o (0. M) (¢ppr) = N. when w; = 27(i —
1)4[sin(frm) — sin(¢p,)] (labeled as “Incremental phase” in
Fig. 2). This in turn provides a better estimation performance
of NLoS channel parameters from the theoretical perspective,
which is verified in Fig. 2. “LIS” in the legend stands for the



—g— LIS, PLM> Random phase
--@--LIS, PLM> Incremental phase
—o—LIS, ¢L,M’ Random phase
--@--LIS, ¢L,Mn Incremental phase
—Q—LIS, TLM> Random phase

=
.:% - -9~ -LIS, 71, 1, Incremental phase
=
2 -1
Q10
5
]
<
s
Z10? E
d‘;’ . )]
I~ Bl
U 3
1073 F Tl 2
o= e
Tl @
-
10 1 | L L . L . -
-20 -15 -10 -5 0 5 10 15 20
SNR [dB]

Fig. 2: The impact of phases on CRB of standard deviation of channel
parameters in the reflection path with Ny = 100.

studied LIS aided mmWave MIMO positioning system. Note
that all the simulation curves are obtained under the same
randomly-generated f and other parameters but only different
phase conditions (benchmark scheme with random w; in €2,
labeled as “Random phase” in Fig. 2). The incremental phase
significantly outperforms the random phase (roughly 10 times
better in the current experiment). The optimal design of f will
bring better performance, and be left as our future work.

B. Impact of the LIS: Number of Elements

In this experiment, we set w; = 27(i — 1)4[sin(fm) —
sin(¢p)] and SNR to 5 dB. The number of LIS elements
plays a critical role on the estimation performance of channel
parameters in the reflection path. The CRB of normalized
standard deviation of 7 M, ¢Lm, and ppm are inversely
proportional to the number of elements in the LIS, e.g., N..
As verified in Fig. 3, the larger the number of elements in
the LIS, the better the estimation performance of the channel
parameters. With around 100 LIS elements, the estimation
performance can be improved around 100 times from the
results shown in Fig. 3. In the legends, pgsm, ¢Bsm, and
7g.s.Mm denote the path loss, AoA, and ToA of the NLoS path
via the scatter, respectively, for the benchmark scheme. Due to
the fixed number of scatter, the estimation performance of the
benchmark scheme stays unchanged. Note that the increase
of elements does not have any great impact on the estimation
accuracy of channel parameters of the direct path, which is
not difficult to understand based on the FIM J[n].

C. PEB and OEB

In this subsection, we evaluate the impact of the number
of LIS elements on both the PEB and the OEB while fixing
w; =27(i — 1)%[Sin(9L,M) — sin(¢p)]. As shown in Figs. 4
and 5, the increase of elements improves the positioning
performance. Even with the help of a 40-element LIS, around
3 dB gain can be achieved when the OEB is at the level of
10~2. It should be noted that the performance enhancement
mainly come from the improvement of the NLoS via the LIS.
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Fig. 3: CRB of normalized standard deviation of channel parameters
versus the number of LIS elements.
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Fig. 4: PEB versus the SNR.

VI. CONCLUSIONS

We have studied the fundamental limits of mmWave MIMO
positioning with the aid of a LIS. The impact of the number
of LIS elements and the phases of LIS elements on the
estimation of channel parameters has been investigated. This
in turn, helps the analyses on the positioning and orientation
error bounds. The comparison has been made between the
positioning system with and without the assistance of LIS to
show the potential benefits brought by the introduction of LIS
even with passive elements. Since the beamformer design at
BS and phase shifter design at LIS play a critical role in the
positioning, the joint consideration of them will be left as our
future investigation.

APPENDIX A
DERIVATION OF FIM

The derivation of the FIM on all the channel parameters is
shown as follows:

PNypgy (27nB)?2

H 2
Vi (T TBM) = —— o e g Fxinl3, as)
o
2
Prigm nB H_H H
Vi (a0 ) = —o R{g2m—— (xln) TE T oy O )& (O Fxin] ), (19)
-
2
Prim
Y (TBM> PBM) = >
-

, B
x {52 = Geln) T E e (0! (o) & (9pan e ! (Op a0 FxIn] ),
(20)

Pprgm
Wn (TBM> PBM) = )
-

H 20, B
llexy (QB,M)FX["]H2§R{‘72W7} =0, @n
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