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Abstract—Millimeter wave and massive MIMO are consid-
ered enabling technologies for future 5G networks. While tleir
benefits for achieving high-data rate communications are wée L
known, their potential advantages for accurate positioniy are 7
largely undiscovered. We derive sufficient conditions undewhich
transmission from a single mm-wave base station leads to a ne _
singular Fisher information matrix associated with the postion S P
and orientation of a user terminal equipped with multiple -
antennas, which is in turn a prerequisite for joint estimation L
of the position and orientation. n

y 1BS

e o

I. INTRODUCTION

5G communication networks will likely adopt millimeter J—x
wave (mm-wave) and massive multiple-input-multiple-autp _ _ _ _ _ _ _ L
MIMO) technoloaies. due to a number of favorable bro er,[ieF|g. 1. Two dimensional illustration of the single-link leak positioning
( ) 9 > ) 7 prop problem. The BS locationy and BS orientation are known, but arbitrary.
In particular, operating at carrier frequencies betweerai3® The location of the MSp, rotation anglea, AOA 6rx, AOD 61y, the
300 GHz, with large available bandwidths and with highwhannel between BS and MS, and the distance between thenantenters

. . S . re unknown.
directional communication, mm-wave can provide extremef‘y

high data rates to users through dense spatial multipldxyng

using a large number of antennas [1], [2]. While these prop&fom high hardware complexity [6].
ties are desirable for 5G services, mm-wave communicationgn, this paper, we show that mm-wave and massive MIMO,
also face a number of challenges. Among these challenges, {fhich are both candidate features for 5G communication
severe path loss at those high carrier frequencies startds @dtworks, are also enabling technologies for accurateiposi
The resulting loss in signal-to-noise ratio (SNR) must benéo ing and device orientation estimation. The limited scaiter
tered through sophisticated beamforming at the transmitighg high-directivity are unique characteristics of mm-evav
and/or receiver side, leading to highly directional linB${5].  channel and massive MIMO, respectively. In the line-ohsig
However, this in turn requires knowledge of the propagatiqpos) conditions, angle-of-departure (AOD) is used for the
channel. Such knowledge is generally obtained through pilgstimation of position while angle-of-arrival (AOA) praigs
signals, which in turn requires some initial alignment. the estimation of orientation. By exploiting these feasure
Location information can serve as a proxy for channgygether with beamforming, we provide sufficient conditon
information to perform beamforming: when the location ofinder which the Fisher information matrix (FIM) of the
the user is known, the base station can steer its transmisspA, AOD and time-of-arrival (TOA) of the LOS path of
to the user, either directly or through a reflected path. Thésscenario illustrated in Fig. 1 is non-singular, in the pres
leads to a synergy between localization and communicatigff.an unknown channel. A non-singular FIM is a necessary

However, in order to reap the benefits of location informawondition for the identifiability of the position and oriexion
tion for highly directional communications, both the d®st of the user.

positions and orientations should be accurately estimated

Today’s technologies cannot always provide this infororati Il. RELATED WORK

in an efficient and reliable manner. For instance, the globalThe use of 5G technologies to obtain position and orienta-
positioning system (GPS) is a well-established technologign was previously explored in [7]-[9] for mm-wave and in
that can provide location information outdoors. Howevefl0]-[12] for massive MIMO. The early work [7] considered
in GPS-challenged environments (e.g., indoors and in urbastimation and tracking of DOA through beam-switching.tUse
canyons), the accuracy is poor. Other radio technologies) s localization was treated in [8], formulated as a hypothesis
as ultra-wide bandwidth (UWB) can be a solution for indoaesting problem, limiting the spatial resolution. A diféert
positioning, but requires additional infrastructure andffess approach was taken in [9], where meter-level positioning



accuracy was obtained by measuring received signal strenghere A\ = ¢/ f. is the signal wavelength. Correspondingly,
levels. In the massive MIMO case, [10] considered estimatiove will assume an ULA at the receiver, thag,(6rx) can

of angles, while [11] treated joint estimation of delay, AODbe expressed similarly, replacing the subscfipt by Rx in

and AOA, and evaluated the impact of errors in delay®), and replacingN, by N,. For notational convenience,
and phase shifters. However, no formal treatment regardiwe will use the notatiorar, instead ofary(f1y). It should
sufficient conditions for well-posed position and orieiat be noted that our analysis can be extended to any antenna
estimation with one base station (BS) were provided. In,[12}onfiguration at transmitter and receiver, provided thevabo
positioning was solved using a Gaussian process regressoentioned narrowband assumptions are met.

operating on a vector of received signal strengths throu%h )
fingerprinting. - Receiver Model

Il SYSTEM MODEL The observedV,. x 1 signal is given by

We consider a MIMO system with a BS equipped with y(t) = HFx(t — 7) + n(?), )
antennas and a mobile station (MS) equipped\hyantennas. wherer = ||q — p|/c is the propagation delay between BS

— T 2 _ T 2 H
L]?tt;) _M[g””’p?a] Bé R da?;&q _O[q;’ qy]b ethR bte tllocat|onf and MS andn(t) € CM+ is a Gaussian noise vector with zero
o ne an an € [0,27) be the rotation angle mean and two-side power spectral dengify/2.

of the MS’s antenna array, with respect to the horizontas axi Our goal is to determine positignand orientationy of the

(see Fig. 1). MS from y(t), observed during the time intervak [0, T,y).

A. Transmitter Model Note that we do not assume any specific receiver-side process
The transmitted signal is given b¥x(¢), where F = ing or beamforming, as we aim to derivéumdamental lower

[f1,6,...,fa,] € CN*M: is a beamforming matrix, in Pound.

which M, < N; denotes the number of beams. The sig-

; . IV. DERIVATION OF THE FUNDAMENTAL BOUNDS
nal transmittedl over the M; beams is denoted by(t) =

[21(t), ..., 2, 1)) € CMe. In this section, we derive the FIM and the Cramér-Rao
' bound (CRB) for the estimation problem of the position
B. Channel Model and orientation of a MS using mm-wave MIMO. First, as

In contrast to [11], we consider only line-of-sight (LOS)an intermediate step, we construct the FIM of the channel
narrowband communication with a bandwidthand a carrier parameters: delay, AOD, AOA, and the real and imaginary
frequency f.. In particular, the narrowband assumption inparts of the channel coefficients. Then, by means of a bijecti
volves (i) B is sufficiently small such that the path loss can bgansformation we obtain the FIM and thus the CRB of the
considered constant over the signaling band; and (ii) tiees@h position and rotation angle, which are the final parametérs o
difference between upper and lower band edges for propagserest.
tion across the entire array is small, i.e., @& N, )d < ¢/B
in which d denotes the distance between the antenna elemefd™'M: Channel Parameters
and c is the speed of light. Under these assumptions, theLetn € R® be the vector consisting of the unknown channel
channel can be expressed as/énx N; matrix parameters (delay, AOD, AOA, and channel coefficients)

T
H— | N¢N, A aRx(eRx)af}plx(@Tx), (1) n= [7—, QT’hT] ’ 4)
P }T

) ) ) ~ whereh = [hR,hI with hg and h; being the real and
in which p is the path loss between BS and M, is

. \ imaginary parts ofi, 8 = |6y, Orx T
the complex g?\:n of the LOS pathyr(frx) € c* and Let 77 be an unbiased[estimat(})r of The mean squared
apx(frx) € Cr are the antenna steering and response(?mr (MSE) off) — n is bounded as [16]
vectors, 6t and g, are the AOD and AOA, respectively, n=n
as depicted in Fig. 1. For concreteness, we will consider a Eyin [('f, —n)(H — n)T} - J7_717 (5)
uniform linear array (ULA) at the transmitter, so that thetee
arx(fTx) can be written as

in which Ey |, [.] denotes the expectation parameterized by the
unknown parameterg, andJ,, is the5 x 5 FIM defined as

aTx(eTx): (2)
0%1n
(LR SN dsn T o & By |50 ©)
t

Unlike the system model in [13], where beams are sequentiahsmitted where f(y|n) is the likelihood ratio of the random vecter

one at the time in each observation time interval, we exfleamforming to obtained from the Karhunen-Loeve expansmry()f) condi-
multiplexing data onto orthogonal spatial beams simubasty, i.c., beam- tioned onz. More specifically,f (y|n) can be written as [17]
space MIMO (B-MIMO) [8], [14], [15]. As a result, we obtain agsal that
allows the estimation of AOA, AOD and TOA jointly. This impres the 9 [Tov 1 rTov
fundamental bounds on the estimation of position and atint of the user f(y|n)ocexp —/ pr )y dt——[ |p@)|?dty,  (7)
significantly. 0 0



wherep(t) £ HFx(t — 7). The FIM in (6) can be structuredin which 97/9p = ¢/u,
as

O(7,7) B
JTI = (I)(O,T) @(0,0) (I)(O,h) ’ (8) ap B ap B ”q - pH 1 0
®(h,7) ®(h,0) ®(h,h)

in which the operatdr®(x;, x») is defined as
_&In f(YIn)]

6x1 8X2

®(7,0) o(r,h) 1 Ofrx 1 {0 —1} " (22)
and 90r,/0a = —1, Oh"/Oh = I, wherel, is the 2 x 2

identity matrix, andu = [cos(OTx),sin(eTx)]T. The remain-
ing terms in the transformation matrik are zero. It can be

A
O(x1,x2) = By { (9 seen that the transformation matfix has full rank.

The entries of the FIM are derived in Appendix A. Here we
only summarize terms including and @, taking into account
that the norm ofag.(frx) is one and hence it is omitted: Now, we provide sufficient conditions faf,, to be non-

O(1,7) = ~y|h|2a¥x7FA2aTx_,F, (10) singular. Note that these conditions also imply thatis non-
®(r,01y) = | h*R{jalh,_ pAiarcr}), (11) singular, sinceT has full rank. For notational convenience
dare A oH we will limit ourselves to signals(t) for which A; = 0.

O (7. 0rx) = [0 R{j A ar pA1aTF ) (12) \we aiso limit ourselves tovell-posed systems, for which all
® (01, 01x) = 7|h|*ap,, pAoap., F, (13) diagonal elements id,, are strictly greater than zero. This
)
)

V. NON-SINGULAR FIM wiTH ONE BASE STATION

O (O7x, Orx) = 7|h|2§R{ADRxa¥X,FAOaDTx,F}a (14) places certain natgral require_ments on the system (eg., th
number of transmit and receive antennas should be greater

®(Orx, Orx) = 71> ADag,at, pAoarr, (19 than 1), by ensuring that each parametes ican be estimated
wherey = 2N, N,./(pNy). We have introduced a number ofwhen the other parameters are known.
notations:A,,, n € {0, lé/22}' is given by Proposition 5.1: Consider a MIMO system, signat(t),
A " H and beamforming matri¥' designed such that the system is
An = /_B/zw x(w)x" (w)dw, (16) yvell—posed. For such as systely has full rank if and only
where the integral is applied element-wisg(w) = it Ao has at least two npn-zero eigenvalues.
Proof: See Appendix B. [ |

[#1(w),. .., %, (w)}T wherein z;(w) is the Fourier trans-
form of z;(t). The vectorsarx r andap. g are given by le
aTx,F = FHaTx, ap ., ,F = FHDTxaTX. The matrixDTx is

From the proposition, it follows that it is required to use at
ast 2 beams and that the signal need to be properly designed
in order to obtain a non-singular FIM. It should be noted that

defined as 9 a non-singular FIM is in general not a sufficient condition fo
Dy 2 j—wdcos(GTX)diag{O, .oy Npy — 1} (17) unambiguous determination of position and orientatiore du
A ] to the possibility of multiple optimal points of the likeblod
The scalarsAp,, and Apg,, are defined as function.
Ap,.. £ all Dg.agy, 18
P T IR (18) VI. SIMULATION RESULTS
Abdy. £ ag,DrxDrxars; (19)

In this section, we present simulation results to demotestra

whereDg has the same expression as (17) by replacing thgs performance of the proposed bounds with respect to
subscriptTx by Rx, and ary(frx) is replaced byar, for jifferent parameters.

notational convenience.

B. CRB for Position and Orientation A. Smulation Setup

In this section, we derive the FIM of the unknown position We setf. = 60 GHz, B = 100 MHz, Ny = 2W/GHz and
and orientation of the MS. We consider a parameter trans= K |/q—p||? in which K = 1. The inter-element spacing is
formation fromn to 7 £ [ija,hT}T, wheren and# are assumed to be = A/2. The number of transmit and receive
related by (see also Fig. 13 = |/q — p||/c, cos(fry) = @antennas are set ¥, = NN, = 64, while the number of beams
(pe — q2)/(|la — p||), anda = 7 + 1y — Ory. This allows Is fixed toM; = 3. We have generated a sign&l) for which
us to express) as a function ofj. Therefore, by means of aAo andA, are M, x M, diagonal matricesand A, ~ 0. The
bijective transformation, the FIM ofy can be obtained as ~ System parameters are set such that within one meter of the
transmitter, the SNR varies over a range of approximately 38

Iq = TJ"TH’ (20) dB. We consider a scenario that the BS is located at a fixed
where . . positionqg = [0,0]" and the MS is placed in a square area of
o 9 o 10m x 10 m. We fix & = 0 rad and the unknown channel to
T= |0z 096° on' | (21) h=(1+4)/V2. We use &4 x 3 TX beamformer matrixf
2_;’ aaﬁ aaﬁ with the i-th column defined as

o 52=dsin(v;) J(Ne—1) 2= dsin(p:)] T
2If x; andxs are scalars, thed(x1, x2) is also a scalar. fi [1’ e g, €0 2 ] ) (23)
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Fig. 2. PEB performance for different locations of the MS;, éoscenario Fig. 3. REB performance for different locations of the MS; éoscenario
with 3 beams in the directionst-n /5, —7 /3, +7/5+0.01]. For visualization ~with 3 beams in the directiorist7 /5, —m/3, +m/54-0.01]. For visualization
purposes, PEB values were truncated above 10 m. purposes, REB values were truncated absye rad.

in which [¢1,¢2, 3] = [+7/5, —7/3,+m/5+ 0.01]. direction =/5, over 0.05 rad in the directior-7/3, up to
Performance is measured in terms of the position €-2 rad outside any of the beams. We observe that in the
ror bound (PEB, expressed in meters) and the rotation direction —m/3, the single beam cannot provide good REB
ror bound (REB, expressed in radians), wiel®EB £ values. This is because even though the AOA information is
/tr{[J’;—’l]LQ.l:z}, andREB 2 /[J;}l]&g_ high, the low AOD information results in high REB in the
' direction —7r/3. Interestingly, even at larger distances, say 5
B. Results and Discussion meters, REB values are still around 0.007 rad.

Fig. 2 shows the PEB for different locations of the MS. VIl. CONCLUSION
As expected, in the directions of the beams, the PEB ha%Ne have presented a study of the fundamental bounds
the lowest values, while in the other locations the value of

) ; o . ?f a narrovband MIMO mm-wave system. Using a LOS
PEB is much higher. More specifically, for a distance Ohannel model, we have first computed the FIM for dela
la — p|| = 1 m, the PEB in the directions of the beams i ’ P v,

approximatelyl7cm (corresponding td0 log, o (PEB) ~ 7.6) %OD, AOA, and channel gain. We have then transformed

while the highest PEB is approximatel$.7m (corresponding U\I/Z E;'\ceto rg?/': dprtlr?aet tcf)lst;;)?rlltlog r?gg-;ic;:aﬂ?;r Ia:?l\g/lllivict); l\c/)lr?é
to 10log,,(PEB) ~ 11.4), if we ignore values for: ~ 0. We P 9 g

o : i . BS in a LOS mm-wave system is possible by using multi-
note that while increasing the transmitted power will dasee o . : . .
S , . beam transmission and appropriate signal design. Nunherica
the PEB, what is important to note from the figure is the ) . v ) )
: ha results confirm that in the direction of isolated beams,hagit
extremely large range of PEB values, with variations over . . : .
: . . sition nor orientation can be estimated well, due to the
multiple orders of magnitude. We also observe the impact ) : L .
X o L poor information regarding in AOD. Multiple nearby beams
the different beams: in the direction af/5, the two beams . it o o )
o : . .~ provide good conditions for joint estimation of positiondan
provide increased SNR, leading to better TOA information (i fientation
the Fisher sense) and good information regarding AOD. M ' APPENDIX A

the direction of—7/3, the single beam provides good TOA ELEMENTS IN (8)

information, but leads to poor AOD information (except for |, \vhat follows, we provide the proofs for the elements of
MS locations close to the BS). Hence, the PEB in the directigRs £\ presented in (10) to (15). Replacig) from (3) in

of —7/3 is higher. At larger distances, say 5 meters, the P usina (9). and consideri N1 = 0. we obtain
in the directionz /5 is still around 86 cm. %), using (9). gy (o (H)] =0,

Fig. 3 shows REB for different locations of the MS. We ¢ i/Tob g [ OBI(®) Ont)
observe that for the same conditions as in Fig. 2, the results DTN 0
confirm our previous findings. When the MS is within ongs; .« o 41
meter of the BS, REB values range from 0.0014 rad in the ' - .
i) = = [T {o DD, (25)
3In particular Ag ~ 8 x 1073T and A> =~ 6.6 x 10~*I, obtained by T No o or or
generating white Gaussian signals.

Tob
4Here [J-']1.2.1.2 denotes the2 x 2 block from the first two rows and (a) 2 { H " }
first two columns of the inverse of the FIWL;. = 7lhl 0 R arpS,(t - m)arxr p dt,

8:01 8:02

} at.  (24)




where (a) is the result of rearranging a complex scalar and (33), and the second derivative with respect to real and

defining S; (t—r) as imaginary parts of channel coefficiefit and applying the
S"(t— 1) = (?x((z;— T) 8xH((9t —7) . (26) Parseval's identity as
Finally, (10) is obtained b sing the Parseval's identy, ) = (34)
inally, is obtained by using the Parseval’s identity. e H e
The term®(7, 1) is obtained as follows: VIR Ap, ar e Avarcr ), R{jh Ap, at. r Acarcr .
(7, 01x) = (27)  Finally, the terms®(hg, hgr), ®(h1, h1), and®(hg, hy) are

o [T foxT(t— 1) dallp obtained as
alld R aryF x(t —7) b dt. ;
° o P @(hn,hi) = D(hs.hy) = A R{alL, pAvarcr},  (35)

Sinceda’y, p/d0r, = af, DY, F, we find (11) after applying and
the Parseval's identity. ®(hgr, h1) = yR{jar, pAoarxr} =0, (36)

The term® (7, Ory ) is obtained as follows: . o . . .
(7, Orx) by taking the derivatives with respect to real and imaginary

(7, ) = (28) parts of channel coefficienk and applying the Parseval's
I e e ] LY
0 T aeRx ’
. ) ; ) APPENDIX B
Sincedagy/00rx = Drxarx, applying the Parseval’s identity PROOE FORPROPOSITIONS. 1

leads to (12).

The term ®(r,h) is obtained by taking the derivative The FIM of 5 is of the following form

with respect to real and imaginary parts of complex channel O(7,7) ot ot
coefficienth and applying the Parseval’s identity, leading to Jy = 0 ®(0,0) ®(6,h)| . (37)
(7, h) = (29) 0 ®(h,0) P(h,h)
~ [%{jh*a¥x7FAlaTx,F}, —%{h*a%X,FAlaTX,F}] ) Due to the well-posed system requiremer(r, ) >0, sowe
. _ only need to prove that the rank dfx 4 lower right matrix
The term® (01, f1x) is obtained as in (37) is 4, since thed,, would be full rank. We will denote
D (O, Orx) = (30) this 4 x 4 matrix by M.
Top dary g 0kl & We expand the positive semidefinite (PSD) matfy as
7|h|2/ §R{ (t—1) 89){7 89)(’ (t — T)} dt Ay = UAUY in which U is the M, x M, matrix whosei-
0 Tx Tx th column is the eigenvectar; and A is a diagonal matrix
Sincedary r/90rx = F'Dr.ary, we find (13). whose diagonal elements are corresponding eigenvalues
The terrﬁfb(GTX, Ory) is obtained as follows: 0. The eigenvalues are assumed to be ordered so that the first
M, < M, eigenvalues are non-zero, whil¢ = 0, for i > M,.
P (Orx, rx) = (31) SubstitutingA, = UAUM back into (37), and plugging in
) Tov ° dary ¥ g O0arx g the appropriate entries from Appendix A, the lowerx 4
|h| /o R {X (t—7) D01 Ay Drn ar, pX(t — T)} dt. matrix can then be written as (without loss of generality, we
sety =1):
Since 6aTX7F/66’Tx = ]:—"HDTXB.TX and 6aRx/66’RX =
Dryarx, applying the Parseval's identity leads to (14). M; A
The term® (614, h) can be obtained by taking the deriva- M = Z)‘ [ ] ) (38)
tives with respect to real and imaginary parts of the channel
coefficients and)1, and using the Parseval’s identity as in which
(O, h) = (32) Gi = |h*lap,, wwil®, (39)
vIR{r*al, pAoap.,, . }, R{jh*al, pAcap., . }]. p; = [|B2R{Ap., B;}, R{W* B}, -S{h* 8.}, (40)
The term®(Ary, Orx) is obtained as Q; = |at, pui|*Q, (41)
B (Ogy, Orx) = (33) whereing; = a'f, pu;uj'ap,, r and
Tob dall da 2 T
h2/ ?R{XH t— a - Rx Rx H x }dt _ |h| ADde P
W= ) (t = marcr g, =55 —atrX(t = 7) Q ) L (42)

Replacing the derivatives and using the Parseval's identjt, \which RLR* A C Rt AE _
leads to (15). Pt =l ~{ DR]/’;%’ { DRXJ%] " ,
The term® (fx, h) can be obtained similarly by taking the We introduce®x = 37,7 A = 575 Alarg, pui[*€2,
first derivative with respect téry using the same procedurei = ZMt ALt and( = Z 1 AiGi. We recall that > 0 due



to the well-posed system. Regarding the lowex 3 matrix

of M, we find that
I\{t 3
(Z i |aTX Fli 2) det(2)

det (43)

M,

= (X vialhpui ?) h? (Apag, ~ 4Dy )

ACKNOWLEDGMENT

This work was supported by the European Commission,
under EU FP7 Marie Curie Initial Training Network MULTI-
POS (Multi-technology Positioning Professionals) undemng
nr. 316528, the European Research Council, under grant
nr. 258418 (COOPNET), the EU project HIGHTS (High
precision positioning for cooperative ITS applicationsizM
3.5a-2014-636537, and the Spanish R+D project TEC2014-

which is non-zero, since (iMpa,, > |Apg,|> and (ii) if
lafl, pu;|? = 0, Vi, this would imply ®(0r, frx) = 0, thus
violating the well-posed system condition. Therefore, ridnek
of M is at least three.

Now, since

(1]

(2]

det(M) = det(Q)(C — 2" Q" ), (44)
the condition forM to be of full rank is that 3]
C—"Q > 0. (45)

Note that this condition is nothing else than the equivalen[f”
FIM of the AOD being strictly positive.

It is readily verified that -

_ 1 1 —pT
Q7 = 46
T el pudP der(©) el e o
where W is the2 x 2 matrix with elements
Y11 = |h|*Apay, — S*{h*Ap, ), @7y M
P12 = —S{h*Ap, IR{r*Ap, } = 21, (48)
a2 = |h]* Apay, — R*{h" A, }. (49)
Using the fact that (8]
|h|*R{ Ay, 8;} = R{(h*B;)(h* Ay, )} (50)
= R{W*BIR{L*AD, } + S{R*B:}S{h* 4D, _}, [0
we obtain
_ hl2|8;1? [10]
it = AL (51)
aTx,F“i|
e Tl )
pi Hy = [h|*R{B:5; }- (52)

Substitution of¢ = Z Ai¢; and (51) and (52) into (45) [12]
yields the equivalent condltlon for full-rank:

[13]
I\r{t
> - il ZAZ@ >0, (53)
=t [14]
wherey; = \;lall puyf?, v = S~M: 1, We now distinguish

two cases:
o« Casel (\Z = 1): In this casey; = v, and (53) is clearly
not fulfilled. Hence M does not have full rank and thus
Jy is not of full rank.
o Case ZMt > 1): Now v; < v, so that due to the Cauchy-
Schwarz inequality, (53) must be true. Henb&,andJ,,
have full rank.

[15]

[16]
[17]

53656-R.
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