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Abstract—The clustered delay line channel model, in which
each cluster consists of many rays, is widely used for link-level
evaluations in mobile communications. Multiple parameters of
each ray, including the delay, amplitude, cross-polarization ratio
(XPR), initial phases of four polarization combinations, and the
azimuth and elevation angles of arrival and departure, must
be known and are measured using a channel sounder. The
number of rays in every cluster is usually greater than the
number of elements in the antenna array of the channel sounder,
which represents a challenging issue in multipolarized channel
measurements. Based on the broadband extended array response
of an electromagnetic vector antenna array, a new subspace
estimation method is proposed to resolve a large number of
rays. The inter-element spacing of the array can be greater than
half the carrier wavelength, which reduces inter-element coupling
and simplifies the array design, especially for millimeter-wave
bands. The delay of each cluster is first estimated using the
reference antenna element. Next, two-dimensional angles of every
ray are estimated using the classic rank-deficient multiple signal
classification algorithm. Finally, the initial phases, XPR, and
amplitude of every ray are estimated. Simulation results validate
the proposed method.

Index Terms—Broadband extended array response (BEAR),
channel measurements, cross-polarization ratio (XPR), electro-
magnetic vector antenna array (EMVAA), subspace estimation
method.

I. INTRODUCTION

HE performance of wireless transmission in mobile com-
munication systems is directly dependent on the channel
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propagation characteristics. Therefore, a multiparameter esti-
mation method for in-depth analysis of channel propagation
characteristics and channel modeling of the mobile communi-
cation systems is important [1], [2]. In the study item for chan-
nel models in the 3rd Generation Partnership Project (3GPP),
delay, two-dimensional (2D) ' angles of departure (AoD), 2D
angles of arrival (AoA), and cross-polarization ratio (XPR)
are essential small-scale parameters [3]-[5]. An accurate and
efficient multiparameter estimation method is of great signif-
icance in channel measurements. Moreover, ray polarization
must be considered in channel modeling. Antenna polarization
modeling is also advocated by 3GPP.

Multipolarized multiple-input and multiple-output (MIMO)
is a MIMO technique with transmit and receive arrays con-
sisting of multipolarized antennas, e.g., tripolarized or hexap-
olarized antennas. A tripolarized antenna measures the elec-
tric field along three orthogonal directions. A hexapolarized
antenna measures the electric field as well as the magnetic
field along three orthogonal directions. Previous works have
proved that multipolarized MIMO outperforms the correspond-
ing unipolarized MIMO in terms of channel capacity in many
situations [6]-[8]. Moreover, dual-polarized antenna configu-
rations outperform single polarization in terms of spatial cor-
relation [9]. The main reason for the capacity gain obtained by
multipolarized MIMO relative to unipolarized MIMO is that
the correlation between the antenna elements is reduced [10].
Due to these advantages, multipolarized MIMO is considered
a promising technique for next-generation mobile communi-
cation systems. There has been increasing interest in polarized
channel modeling and measurement, especially for multipolar-
ized MIMO systems [10]-[13].

As a typical hexapolarized antenna, the electromagnetic
vector antenna (EMVA) has been widely investigated in the
literature on multipolarized array signal processing and capac-
ity analysis [7], [14], [15]. However, due to the particularity
of the EMVA structure, a collocated EMVA (C-EMVA) is
complicated to construct [16]. The major difficulties originate
from the antenna feeding method and the elimination of
mutual coupling for the collocated elements. Such difficulties
will be more apparent in the millimeter-wave multipolarized
antenna design. To address these problems, a C-EMVA is

IThe two dimensions are the azimuth and elevation.
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usually reconstructed as a non-collocated EMVA (NC-EMVA)
or simplified to a dual- or triple-polarized antenna. The six
polarization elements in NC-EMVA are no longer collocated
but are placed separately in the form of an array [17], [18].
The NC-EMVA not only simplifies the EMVA design but
also suppresses the mutual coupling between the antenna
elements. The selection of the inter-element spacing (IES) of
non-collocated antenna elements shall consider three aspects.
The first one is mutual coupling suppression, which can be
simulated by electromagnetic full-wave simulation software.
The second one is the placement and heat dissipation of the
radio frequency (RF) modules behind the array. The third one
is the mobility of the channel sounding system for the practical
channel measurement campaign.

Multiparameter estimation methods such as the maximum
likelihood (ML) algorithm [19], multiple signal classification
(MUSIC) [20], estimation of signal parameters via rotational
invariance techniques (ESPRIT) and space-alternating gener-
alized expectation-maximization (SAGE) [21], [22] have been
investigated intensively in unipolarized array signal process-
ing. In [21], [23], [24], the delay and AoA are estimated via
a subspace-based method, and the number of total rays can
be greater than the number of antenna elements but not the
number of rays in one cluster .> In [22], [25], the delay, AoA,
and fading coefficient are estimated using the SAGE algorithm.
The SAGE and MUSIC algorithms are compared in [25] using
measurement data. The multipolarized array signal processing
algorithm has also received substantial attention, particularly
for the EMVA [14], [15], [26]-[29].

However, a major difficulty in channel measurements is
the parameter estimation of rays using multipolarized arrays
when the number of rays in the cluster is greater than the
number of array elements. The number of rays in one cluster
often exceeds the number of antenna elements in the channel
sounder [3], [4]. Existing multiparameter estimation methods
usually do not work under such conditions or suffer from
low robustness. Although the virtual MIMO can address this
problem indirectly by shifting the antenna in space mechani-
cally, it is inconvenient and leads to long measurement times.
Therefore, an efficient method to overcome this difficulty with
lower hardware complexity is needed.

In this study, a broadband extended array response (BEAR)-
based subspace estimation method is proposed to address the
issue of using the EMVA array (EMVAA). The dimension
of the steering vector can be increased substantially via the
BEAR. Traditionally, the AoA is obtained in the space domain,
which requires the IES to be smaller than half the carrier
wavelength. This requirement increases both the complexity of
the channel sounding system and the mutual coupling between
the antenna elements. The proposed method overcomes the
limitation of IES, and the antenna array shape and IES are
more flexible than in the traditional method. Furthermore,
these advantages are more apparent in millimeter-wave MIMO

2A cluster is defined as the path that can be resolved in the temporal domain.
The number of rays in one path can be larger than the number of antenna
elements in the array.
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channel measurement systems. The main contributions of this
work are summarized as follows.

o« The BEAR-based subspace estimation method is pro-
posed to estimate the delay, 2D AoD, 2D AoA, ini-
tial phases of the four polarization combination states,
amplitude, and XPR in multipath environments using
a multipolarized antenna array (EMVAA). In particular,
the XPR of each ray is estimated in detail, rather than
providing an approximate result with the power ratio of
each polarized antenna element. Most of the parameters
related to channel coefficient generation in the 3GPP
protocol can be estimated.

o Using the proposed method, the RF module of the
channel sounding system is simplified, and the mutual
coupling in the antenna array is suppressed because the
IES can be larger than half the carrier wavelength. More-
over, 2D angles can be estimated via linear EMVAA with
low hardware complexity. Considering the complexity
of the broadband loops in antenna design, the proposed
method still works well with only dual- or triple-polarized
antenna arrays.

o The number of rays in one cluster is greater than the
number of antenna elements, which is a common dif-
ficulty in channel parameter estimation. The proposed
BEAR-based method utilizes the response in the space-
frequency-polarization (SFP) domain to solve this prob-
lem. The maximum number of rays that the proposed
method can resolve is also given.

Notations: Upper (Lower) bold-face letters are used to
denote matrices (vectors). A K x K identity matrix is denoted
as Ix. 15/« n represents the M x N matrix with all elements
equal to 1. The kth column vector of an identity matrix is
a unit vector denoted as ej. Superscript (-)f denotes the
Hermitian transpose, and (-)T denotes the transpose. The
Hadamard product, Khatri-Rao product, and Kronecker prod-
uct are, respectively, denoted by ®, &, and ®. A diagonal
matrix with all entries of x on the diagonal is denoted by
diag{x}. The phase angle of a complex number z is denoted
by arg{z}. The pseudoinverse of X is represented as XF.
vec{X} represents the vectorization of X.

II. SYSTEM MODEL

In this section, the clustered delay line (CDL) channel
model, the multipolarized antenna system, and the received
signal model are described. Subsequently, the SFP-domain
channel response of the wireless channel measurement system
is obtained. To clarify the system configuration, the parameters
to be used in this work and the corresponding descriptions are
listed in Table 1.

A. Channel Model

In 3GPP, the CDL model is defined for the full frequency
range from 0.5 GHz to 100 GHz, with a maximum bandwidth
of 2 GHz, which is used mainly for link-level simulations [3].
In this channel model, the parameters that need to be estimated
are the delays of clusters, 2D AoD, 2D AoA, initial phases of
the four polarization combination state, amplitude, and XPR
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TABLE I
THE PARAMETERS IN THE DERIVATION AND THE CORRESPONDING DESCRIPTIONS

Notation Description Notation ~ Description
K Number of total rays L Number of clusters
K; Ray number in cluster / T Delay of cluster /
Or. 1k Azimuth AoA (AAoA) of the kjth ray D1k Azimuth AoD (AAoD) of the k;th ray
6:.1k Elevation AoA (EAoA) of k;jth ray 61k Elevation AoD (EAoD) of the k;th ray
O,k AoD angle pair of the k;th ray O 1k AoA angle pair of the k;th ray
w;‘E, “’?Z’ wlvif, leZ Initial phases of the k;th ray Kl XPR of the k;th ray
M; Transmitting NC-EMVA number M; Receiving NC-EMVA number
g Gain vector of transmitting antenna array g Gain vector of receiving antenna array
Lyeq Subsequence number N DFT point and subsequence length
N Snapshot number T Symbol width
Cluster 1
EMVAA
1
EMVAA
My
Tx Cluster L Rx
Fig. 1. Diagram of a CDL channel model.
o . x (a)
of rays. These parameters are defined in this subsection. A total B
of K rays in L clusters are considered for the multipath e P
environment, where X = Zle K, with K; being the number “ogpi"? = h
of rays in the [th cluster. As shown in Fig. 1, the rays in
the [th cluster arrive at the receiver with different AoDs and W ;
Ao0As but approximately the same time delay 7;. Denote the Oue A
kth ray in the [th cluster as the k;th ray. The azimuth AoA i -
and AoD (AAoA and AAoD) of the k;th ray are denoted [~ ! y
by ¢, 11 and ¢ ;5. The elevation AoA and AoD (EAoA and Pk *\P:
EAoD) of the k;th ray are denoted by 6. ;;, and 6; ;5. The angle
definition is given in Fig. 2 (b). Define Oy j;, £ {@e.ik, O}
and O, £ {®r.ik, Or.11}. The direction cosine of AoD is x b)

denoted by

]T
(1)

For the AoA, the direction cosine is u,x(©; ), which is

obtained by substituting the subscript ’t’ in (1) with ’r’. The

ray may change polarization status during propagation. Such
a process is represented by

U1k (Ot,1x) = [sinb 1i oS Yy 1k, Sinby 1xsing ik, cos b i

ejwzllz K/liklejwzll?
T(Z) = T o (2
Ko elYik eJ¥ik
1k
— A .
where  Zj £ {Kig, Wi WY Wyl WiVl with

{whh whv wyh WiV} being the different initial phases
of the horizontal and vertical polarization combinations
for the kjth ray and kyy, representing the XPR of the k;th ray.
The horizontal polarization is represented using h, and v for
the vertical polarization. Note that XPR represents the power
ratio of h and v polarization combinations for each ray due to
scattering from the physical objects. As shown in Fig. 2(b),

Fig. 2. EMVA configuration and angle definition. (a) Configuration of the
C-EMVA and NC-EMVA;; (b) Definition of the azimuth and elevation angles.

h and v are a set of orthogonal bases in the normal plane of
the propagation direction [4].

B. Antenna Pattern and Array Configuration

In this work, a multipolarized MIMO system with M; and
M, NC-EMVAs on the transmitting side and receiving side
is considered. Fig. 2(a) shows the structure of the applied
antenna arrays; the dashed lines depict the C-EMVA. The
definitions of the azimuth and elevation angles are shown
in Fig. 2(b). The coordinate of the mth C-EMVA can be
denoted as 1y, = [ x, "'m,y, "'m,z). In addition, the reference
coordinates of the six elements are given as Tey, ey, Loy, Thy,
I'hy, and ry,, for an NC-EMVA. In this study, the IES of the
array can be larger than a half wavelength at the frequency
of operation. Thus, the mutual coupling effect is effectively
reduced, and the complicated array design is simplified.
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In practical channel measurements, the gains of the transmit
and receive antenna elements usually vary with the departure
and incident angle. The antenna gains are taken into consid-
eration in the received signal modeling progress to de-embed
the influence of the antenna pattern. As shown in Fig. 2(a),
the dipoles and loops are arranged in different directions for
an NC-EMVA array (NC-EMVAA), so each element of an
NC-EMVA has a unique antenna gain. Here, the gains of the
transmitting NC-EMVA from ©; are denoted as Gy ex(0y),
Gt,ey(@t)s Gt,ez(@t), Gt,hx(@t), Gt,hy(et) and Gt,hz(et)~
The gains vector of the transmitting antenna array for the k;th
ray is written as

gt(@t,lk) = [Gt,ex(@t,lk)vGt,ey(@t,lk)vGt,ez(@t,lk)v
Gt,hx(e)t,lk)vGt,hy((_)t,lk’)vGt,hz(e)t,lk)]T- (3)

Similarly for the AoA, the gains are denoted by substituting
the subscript *t” with r’. Let a,(f,©x) be the My x 1
space-frequency domain NC-EMVAA steering vector of the
kith ray for the AoD. It can be expressed as

riug gk

ag (f, @t,lk) = [e_jQTrf < EEEE)

LBV ALTRI
—

| @
where c is the speed of light. For the AoA, it is denoted by
ar(fa @r,lk)~

Let Apas(f, ©,x) be the 6 x 2 SFP-domain steering matrix
of the k;th ray for an NC-EMVA in the transmitter. The 6 rows
correspond to the 6 antenna elements of an NC-EMVA, and the
2 columns correspond to the polarization components along
the v and h directions. It can be expressed as

Apai(f, Oik) = Die(f, ©4,10) QO 1) (5)

where D¢ (f, Oy ,) is the diagonal phase shift matrix of a
NC-EMVA for the AoD, i.e.,

D (f,Ou) = diag{dsix(f, Otx) }- (6)

The phase shift vector dy i1 (f, ©4.,1%) is denoted as (7), shown
at the bottom of the page.

The space-polarization domain steering matrix for the
C-EMVA is expressed as

e J2nf

COS P, 1k €Os Oy 1, — sin ik
sin @y 1k €os B¢ 1k COS P, 1k
Qo) = | Sl 0 L ®)
’ — sin ¢ i, — €OS @y, 11 €OS Oy 1
COS Yt 1k — sin @y 15 cos O i,
0 sin eth

For the AoA, the corresponding expressions are denoted by
Apar(f, O k), QOr k), Di(f, O k) and dy i (f, Or 11)-

C. Transmit-Receive Signal Model

In this subsection, the transmit-receive signal model is
analyzed. First, the transmitting sequence structure is designed.
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| S111 | S11,2 |

length N T T I T

| ST |
(1,Dth i
EMVAA element | °

| S161 | S1,6,2 | |s1,6,L5eq|

(1,6)th  Noncollocated EMVA

length N (== 77 T EMVAA element
| SMy11 | SMy1,2 | | SM[,I,LSqu
lenath N (M, Dth H
ength Ny (= e T EMVAA element
S, S, S,
ensth . | Mp61 | 62 | | s (M,6)th Noncollocated EMVA
. .
il IV I I EMVAA element
Fig. 3. Transmitting sequence structure of a snapshot.

Then, the receive signal model is given for the SFP-domain
channel response derivation.

As shown in Fig. 3, there are 60 transmitting antenna
elements respectively numbered (my,i)th antenna ,> where
my=1,...,M; and ¢ = 1,...,6. The transmitting sequence
of each antenna element is composed of Ly, subsequences.
Note that Lg.q > 6M;. The length of each subsequence is
Ns, which is also equal to the number of discrete Fourier
transform (DFT) points. In practical implementations, the DFT
uses fast Fourier transform (FFT). Then, the ngsth symbol of
the lseqth subsequence for (my,)th transmitting antenna is
denoted as s, i [(lseq — 1)Ns +nsT] with ng = 1,..., N
and lseq = 1,. .., Lseq, Which is expressed as sy, i, (nsT)
with 7" being the symbol width for compact expression.

The transmitting sequences for all transmitting antennas in
matrix form can be denoted as

S:[Sl7825""SLseq]’ 9)

where S is a 6 M X Lgcq/Vs matrix with 6 M, rows correspond-
ing to the 6M; transmitting antenna elements and Lg.q N
columns corresponding to the Ly, subsequences with length
Ns. The lsqth subsequence for all transmitting antennas can
be written as

Slecq = [Sleqls -+ + > Slueq Na (10

where s, n, 15 the nsth symbol of the lseqth subsequence for
all transmitting antennas, which is defined as
Yooan
After elaborating the transmitting sequence, the receive
signal model is then described. Thus, the ng sample of the
lseq subsequence in the nth snapshot of the received signal can
be denoted by (12), where z,, is the complex white Gaussian
noise of the nth snapshot and cv, ;;, represents the amplitude
of the k;th ray in the nth snapshot. The channel is considered
as time-varying for different snapshots. The received signal
is obtained by summarizing the signal carried by all rays.

Si = [81717lseq (nsT)a RN th,G,lseq (nsT)]

seqMs

3The (mu, 7)th antenna is defined as the ith element of the m¢th NC-EMVA.

. TexUg, 1k . TeyUt,lk . TezUt,lk . ThxYt,lk . ThyYt,lk . ThzYt,lk 1T
—jnf——=%  —g2nf——t  —g2pf——f g2 f X R g f YRR gop f 2Rl
T O A T e e Y e Y Y Y b @)
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The remaining variables used in (12) and their corresponding
descriptions can be found in Table I.

Ynnglseq (f, 0,0, E)
L K;

- Z Z a”vlkar(fa@r,lk)

=1 k=1
T
®[gr (Oruk) ® Agdr(f, Owi)] T(Ew)ay (f, Ocuk)
® (g (Otir) ® Alge (. Ottk)|Stueqn. (nsT — 71) + 2,
(12)

D. Channel Response in the SFP Domain

In this subsection, the channel response in the SFP domain
is derived via the received signal. Let Y, ., be the received

signal of the lscqth transmitting signal in the nth snapshot, i.e.,

Yoieey = [Yntloey Yn2loegs - - - (13)

where Y. (f,©,0,,E) and yuni..,(f, O, Oy, E) are
replaced by Y., and yun..., for simplicity, respectively.
Performing the DFT on each row of Y, € COM*N= yields

) YnND.sz

Ynlseqf = [ymseqh y Ynlseqfar - - 7ynlsequg]’ (14)

where Y, 5 € COM:xNs g the SFP-domain received signal

of the [sqth subsequence in snapshot n. There are Lgcq
subsequences in total. DFT is performed on each subsequence,
and the SFP-domain received signal in frequency bin f; is
selected. Then, the received signal of the nth snapshot in
frequency bin f; Y, € COMr*Lsea can be obtained as

'vynLﬁequ :anigfi +Zyy,, (15)

where H,,;, € CSM:x6Mv and Z, . respectively represent
the channel response matrix and additive white Gaussian
noise (AWGN) matrix in the nth snapshot in frequency bin
fi. Tlie standard deviation of the noise is ¢, with mean
zero. Sy, € COMixLsea jg the frequency domain transmitting
signal in frequency bin f; for all subsequences, which can be
expressed as

5,

i

YnfL = [ynlfmyaniv ..

Z[Slf,SQf,...,SL f}in (16)

seq

where F stands for the DFT matrix and Jy, is the selection
matrix that selects the signal of the frequency bin f;, which
is defined as Jy, = I ® e;. It is easy to design a signal
matrix S t; with full row rank. H,, is the basic component
of the SFP channel response in frequency bin f; and snapshot
n. Therefore, it is vital to analyze the derivation of H,,.
According to (12) and (15), H,,, is expressed as

L K;

H,; = ZZe_jQﬂ—f”—lan,lkar(five)r,lk)

I=1 k=1
T/ =
® (g (Orik) @ Alg:(fir Orak)] T(Eur)
®ag (fi, Ouur) (8¢ (Otir) ® Alge(fir Ovr)] (17)
For simplicity of expression, a,(f;,Or k), &:(Orx) and

Apdr(fi; @er) will be denoted by arf; ks Br,lk and Apdrfi,lk
in the following derivations. Similar simplified expressions

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 69, NO. 5, MAY 2021

are also applied in a¢yf, jk, Geur and Apges, k. Define
Ay i € COMixX2 aq the transmitting array steering matrix
of the kjth ray in frequency bin f;, which is denoted as

T
Agpie = acfi ik @ [gg:lk’ ©® Agdtf,;,zzc] (13)

The corresponding receiving array steering matrix is denoted
by substituting the subscript ’t" in (18) with ’r’. Let
h,, = vec{H,y,}. After vectorization, h,,j, € C36McM:x1
can be expressed as
L K
h, s = Z Z e T b g
=1 k=1

(C36MtM,;><1

19)

where by, 11 € is the steering vector of the k;th
ray in frequency bin f; given as

(20)

Here, Ay, 1 € C36MeMex4 g the steering matrix of the k;th
ray in frequency bin f;, which is defined as

bk = At 1B -

Acrp e = Atk @ Avsi ik (21)

In (20), B;, = vec{T} is a column vector. For compact
expression, let us rewrite (19) as

hyp = Bus, Fron =Byan (22
where
Btrfi - [btrfi,lla ey btrfi,lKlv o 7btrfi,L1; ey btrfi,LKL]
(23)

and «,, is the amplitude vector for all rays in snapshot n
denoted as

(24
In (22), Fy, € CE*E is the phase shifting diagonal matrix of
frequency bin f; caused by the delay written as

Fy =diag {[e 7™ @ Lixg,,....,e 2 @110, ]}
(25)

T
Oy = [amn, ey O 1Ky ooy O LKy -« v an,LKL] .

Then, h,, ;, can be estimated as

hyf, =vec{Y, S} }. (26)

Thus, the estimated channel response in the SFP domain for
all frequency bins and snapshots H € C36M:M:NaxN cap be
obtained as

Ellfl l:12f1 l:lel
. h; hy hy
f— .f2 .f2 . P @7
1tllng lest ﬁNst
which can be further expressed as
H=BIr+2Z (28)

where B € C36M:M:N-xK T and 7 respectively represent
the steering matrix of the array, the amplitude of rays for NV
snapshots and the noise matrix, which are given as

T
T T T
B - [B},.B],....B}, | . (29)
F:[ala"'aaN]ﬂ (30)
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and

VeC(Zlflsj}l) Vec(ZNfISjpl)

N>
Il

€19

VGC(ZUMS}NS) vec(ZNstS}NS)

III. MULTIPARAMETER ESTIMATION
A. Maximum Likelihood Estimator

The maximum likelihood estimator is considered an accu-
rate estimator. The likelihood function can be written com-
pactly as
L(1,0:,0,,E)= argmax {M M, NsInF(1,0;,0,,E)}

7,04,0,,2
(32)

where
F(Tv ®t; (")ra E)
= tr {HHH — B(r,0,,0,,5)B(r,0,, @,,E)ﬂﬂH} .
(33)

Thus, the ML estimate of 7,0, ®, and E is obtained by
maximizing F(7,0;,®,,=). Due to the large number of
impinging rays and multiple parameters, the ML estimator
consumes substantial computational resources. Therefore, it is
proposed that these multiple parameters are estimated one after
the other to reduce computational complexity.

B. Delay and Angle Estimation

In this subsection, the delay and angle estimation method is
derived. The propagation delay of a ray is estimated from the
frequency domain channel response of the reference antenna
element. In this work, the first antenna element of the first
NC-EMVA is selected as the reference antenna element of the
transmitting and receiving antenna array. Define a selection
matrix J, = Iy, ® elT, where e; is the first column of
Is6as,01,- The role of the selection matrix J is to select the
channel response of the reference antenna element from the
SFP-domain channel response. Then, the selection progress is
expressed as

H, =J, H. (34)
Let f{T = %I:ITI:IE be the covariance matrix of I:IT. The
rank of R, is the number of clusters without considering the
noise. The eigenvalue decomposition (EVD) of R, leads to
the Ny x (Ng — L) noise subspace U, ;. The delay MUSIC
estimation can be expressed as

P, (1) = argmin ‘aE(T)Un,TUE’TaT(TH (35)
T

where a; is the steering vector in the frequency domain of the

reference antenna element, which can be expressed as

a,(r) = [e_j%f”, el e_jQWfNST]T (36)
With the delay estimated by the above MUSIC technique,
the angle estimation is then processed. The AoD can be

estimated with the channel response related to the transmitting
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antenna elements and the reference receiving antenna element.
Define a selection matrix J¢ = Isn v, @ eFf, where e; is the
first column of Iy, . The role of the selection matrix J is to
select the channel response of the transmitting antennas and
the reference receiving antenna element from the SFP-domain
channel response. Then, the selected channel response is given

as
H,=J,H=B.TI+J.,2 (37)

where By is the steering matrix of the transmitting array
channel response, i.e.,

- _ _ T
B.=[BrF)" . (B Fr)" (38)

Here, B #, 1s obtained as
By, = Ji.etBy, (39)

where Ji rof = I, ® elT with the length of e; being 6.
The role of the selection matrix Jy ,ef 1S to select the channel
response of the transmitting antennas from the SFP-domain
channel response in any frequency bin. Let R, = LH H!!
be the covariance matrix of I:It. The rank of f{t is equal to
the number of rays without considering the noise. The EVD
of Ry leads to the 6MN, x (6M;N, — K) noise subspace
Uy,. The estimated AoD can be obtained by

émlk’ = areg) min{ P, (O x)},
1k

where P;(©y 1) is the AoD MUSIC spectrum,
P,(0¢1) = det {|AT (O4,11)Utn Un A (O r)| } - (41)

(40)

The expression of Ay, and the corresponding derivation
process are shown in Appendix A.

Similarly, the AoA is estimated with the channel response
related to the receiving antenna elements and the refer-
ence transmitting antenna element. Define a selection matrix
J=Iy® elT ® Isnr,, where e is the first column of Igyy, .

Then, the receiving array channel response is
H, =J,H=B,I +J,Z (42)

where B, is the steering matrix of the receiving array channel
response, i.e.,

~ - T
B, = [(Blefl)Tv By Fp )t (43)
Here, B f, 1s obtained as
By, = J..tBy, (44)

where J, of = e? ® Igps, with the length of e; being 61M;.
Note that B f; in AoA estimation is different from that in AoD
estimation, which is caused by the different selection matrices
Jirer and J, or. Let R, = %flrﬂ? be the covariance matrix
of H,. The rank of R, is equal to the number of rays
without considering the noise. The EVD of f{r leads to the
6M, N x (6M,Ns — K) noise subspace U,,. The estimated
Ao0A can be obtained by

(:)r,lk = argmin{ P, (0, 1)},

r,lk

(45)
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where P, (0, 1) is the AoA MUSIC spectrum,

Pi(0,1) = det {|AF(0,14) U UL AL (O, 1)} . (46)

C. Frequency Domain Smoothing Technique

In the application of the BEAR-based method, the FFT
points are usually too large to perform EVD on the covari-
ance matrix of the channel response. To reduce the effect
of the AWGN and the computational complexity, a fre-
quency domain smoothing preprocessing technique is pro-
posed. The whole frequency band is divided into P subfre-
quency bands, and each subfrequency band corresponds to
a virtual subarray. The number of frequency bins in each
subfrequency band is N,. And N, should meet the condition
min{6M{N,,6M,N,} > K. The difference in frequency bins
in the adjacent subarray is the DFT frequency interval. Then,
the channel impulse responses of all the virtual subarrays are
summarized. Fig. 4 shows a diagram of the virtual subarray
division. The closed-form MUSIC spectra of the AoD and
Ao0A can be derived by means of this technique. See Appen-
dix B for details of the derivation process.

D. Pair Matching of AoD and AoA

The estimated AoD and AoA must be paired. The channel
response in any frequency bin, for example, the top 36 M, M;
rows of H, can be used to perform pair matching. Let
Hyoir = JpaicH, where Jpair = e? ® In, with the
length of e; being 36 M, M. EVD of H,;, yields the noise
subspace Upair n.

The steering matrix for the channel response of the selected
frequency bin is constructed as

Apair(Or 1k, Oc k) = Atfl,lk(ét,lk) ® Arfl,lk(ér,lk)~

The aim of the pair matching of AoD and AoA is to find the
AoD-Ao0A pair such that

H
FBoair = argmin det {|ApalrUpair,nUpamnApair|} .
Or,11:0¢.1k

(47)

(48)

E. Estimation of Initial Phases, XPR and Amplitude

With the estimated delay and paired angles of the rays,
the remaining parameters, XPR, amplitude and initial phases
can be estimated. Let

—72 —72
e J WflTlAtrfl,ll e ﬂ—flTLAtrfl,LKL

A =
—j2nwfi7r —j2mf TL
e J Alsty]] e J Ng A"‘fNS;[ Kr,

(49)
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TABLE 11
STEPS OF THE BEAR-BASED SUBSPACE ESTIMATOR

Steps of delay, AoD, AoA, initial phases, XPR and amplitude estimation

:forn=1to N do

: Perform FFT on the received signals of the nth snapshot.

: Calculate the channel response of each frequency bin as (26).

: Vectorize the channel response matrix as the nth column of (27).

: end for

: Calculate H; as (34), then estimate the delay using (35).

cforI=1to L do

: Calculate H; and A, then perform frequency smoothing to obtain
H p and H; p, estimate AoD using (66).

9: end for

10: Perform pair matching between AoD and AoA.

11: Estimate initial phases, XPR and amplitude with (52), (53) and (54).

e BN B Y N I

The steering matrix of the array B can be rewritten as
B = AV, where W is the block diagonal matrix, and can
be expressed as

U =TIx @ [Bi1s- Bk Brir-Brr,] -

Then, II = WI' can be obtained with the estimated delay and
angle as II = ATH. To reduce the effect of the noise, sum II
by column to obtain an column vector denoted by v, which
can be written as

(50)

T T T
= [vn,...,vLKL]
N T
T
- E Qi llﬁllv"'v § an,LKLﬁLKL (51)
n=1 n=1

Let w be the initial phase vector of all rays w =

[wll ) W?i]a WH]? “‘JH e awz\}(LaW%\}(LaWz}}(La %}}(L] . Then,
the estimate of w can be written as
w = arg{v}. (52)
For the k;th ray, the XPR can be estimated as
2
R = (|Vlk(1)| + |Vlk(4)|) (53)
’ [vie (2)] + [vik (3)]

With the estimated initial phase and XPR, W can be recon-
structed as W; then the amplitude of the rays for all N
snapshots is estimated as

I =¥ (54)

FE. Derivation of the Cramer-Rao Lower Bound (CRLB)

The method of CRLB derivation in [30] is used in
this work. The parameters that must be estimated are
(@t,1k Ot 1k Proikes Orik, 71), With [ = L and k£ =

., K. The CRLB is given as

CRLB() = 2 (ZRe{AH’I‘H
n=1

-1
BBT)TAn}) (55)

where 1) represents one of the parameters to be estimated,
A, = diag{a, 11}, and Y is given in Appendix C.
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TABLE III
COMPARISONS OF THE PROPOSED BEAR-BASED SUBSPACE ESTIMATION METHOD WITH THOSE IN THE REFERENCES
Method Estimated parameters Number of resolvable rays in one cluster
JSTPE [24] Delay, AAoA 6M; -1
SAGE [22] Delay, AAoA, Amplitude -
MAPS [23] Delay, 2D AoA 6M, — 1
Delay, 2D AoA, 2D AoD, XPR
Proposed Method e ) o . o 6MNs/P — 1
Amplitude, Initial Phases

TABLE IV
COMPLEXITY ANALYSIS OF THE PROPOSED METHOD

Operation Computational complexity
FFT for the received signals O (3N LgeqNsM; log, Ny)
EVD of H, O(NY)
MUSIC delay search O(LW,N2)
EVD of H; O(216M2NY)
EVD of H; O(216M}NJ)

MUSIC AoA search
MUSIC AoD search

O (48LWaor M; Ny (3M; Ny +2))
O (48LWaop MNy(3M; Ny, +2))

G. Implementation of the Bear-Based Subspace Method and
Comparisons With Existing Methods

The multiparameter estimation procedure using the
BEAR-based subspace method is summarized in Table II.
Comparisons with existing methods are presented in Table III.
The existing methods cannot resolve rays in the same cluster
when the number of rays is greater than the number of antenna
elements. For the genuine SAGE algorithm, the resolvable rays
are not given clearly, but the low robustness caused by over-
lapping signals in the temporal domain and algorithm com-
plexity limit its practical implementation. Even so, the SAGE
algorithm in [22] is still a widely used algorithm for channel
parameter estimation. It is suitable for time invariant channel
environments and specular rays extraction. For researchers are
interested in the AoA and delay, the SAGE algorithm is a nice
candidate approach. However, when researchers are interested
in not only the delay and AoA parameters but also the other
parameters in 3GPP, BEAR is a potential candidate parameter
estimation approach.

H. Complexity Analysis

The computational complexity of the proposed method is
calculated in terms of complex multiplications. To reduce
the computational burden, the N-point DFT uses the FFT
algorithm with computational complexity of % logy N. The
computational complexity for an EVD of an M x M matrix
is O(M?3). In Table 1V, the complexity of estimating the
parameters for all K rays is shown in detail where W, Wa,p
and Wy,4 represent the number of rank-deficient MUSIC
search times, W is the one-dimensional search times, which
is inversely proportional to the search step, and Wa,p and
Waoa are 2D search times, which are inversely proportional
to the square of the search step. The AoD and AoA estimation
is based on the delay of clusters. Thus, the search process
needs to be performed L times.

%10

I SAGE
I BEAR

Complex multiplications

N

v

Fig. 5.
algorithm.

Complexity comparisons of the proposed BEAR with the SAGE

To give a more intuitive complexity analysis, the computa-
tional complexity of the proposed algorithm is compared with
the one of the SAGE algorithm in Fig. 5. The complexity of the
SAGE algorithm relies on the number of iteration cycles which
is assumed to be 2 here. In actual applications, the number
of iteration cycles is affected by the initial values and the
convergence speed, which is usually larger than 2. It is easy
to find that the complexity of the BEAR is directly related to
the virtual subarray size N, .

L. Notifications in BEAR Application

In the above subsections, the BEAR-based subspace multi-
parameter estimation method is analyzed. Two points warrant
further discussion.

The first is the selection of the frequency bins in virtual
subarray 1. To avoid correlations between the steering vectors
of the rays in different clusters, the minimum frequency bins
interval Af in virtual subarray 1 needs to meet the following
conditions:

AfTmax < 1 (56)

where Tiax 1S the maximum delay of all clusters.

The second is the selection of virtual subarray numbers P.
The frequency domain smoothing procedure is not an in-phase
summation progress in (62) and (63). By smoothing the
receiving signals, the SNR gain is expressed by [31]

2

SNRew(P) = - (57)

P
Then, the optimal P is obtained by maximizing (57).

111 = efj27rPAf‘rl
1— e—jQTI'AfT[
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Fig. 6. The probability of success for AoD and AoA using different polarized
antenna arrays. (a) AoD; (b) AoA.

IV. NUMERICAL SIMULATIONS AND ANALYSIS

In this section, simulations are performed to show the per-
formance of the proposed BEAR-based subspace estimation
method. Multipath propagation channels with additive white
Gaussian noises are used. First, the performance of different
polarized arrays in the 6 x 6 MIMO system is given to demon-
strate the advantages of the NC-EMVAA. Next, the detailed
simulation setup for the comprehensive simulations is given.
Then, the comprehensive simulation results of the proposed
algorithm are shown. Furthermore, The probability of success
and the RMSE of angle estimation are investigated in detail.
The XPR, initial phases, and amplitude estimation results are
finally given.

In the simulation, high performance of the proposed
BEAR-based method is achieved under different SNRs and
array sizes. To evaluate the estimation accuracy, the root mean
square error (RMSE) of the angle estimation is given as

Q L K

RMSE = %Q Z Z Z (Ekg — §Zk,q)2

q=11=1 k=1

(58)

where @ is the number of experiments and £ represents the
azimuth angle or the elevation angle. The condition for judging
the success of the estimation is that the sum of the RMSE of
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TABLE V
SIMULATION PARAMETERS
Parameter Value
NC-EMVA numbers, M;, M; 2
Number of antenna elements 12
IES (A¢) 15
Carrier frequency (GHz) 28
Bandwidth (MHz) 500
Cluster number, L 2
Ray number in cluster / 14
FFT point, N; 1024
Subsequence number, Lseq 300
Snapshot number, N 100
o 0
——— SNR =-20 dB
——SNR =-10dB
E 02} SNR =0 dB
‘g ——SNR=10dB
% ——— SNR =20 dB
QO
5 104k 3
=)
=
el
ST
'T'; 10 E 3
£
S
Z
108 L i
80 90 100 110 120 130

Delay (ns)

Fig. 7. The normalized MUSIC delay spectrum with different SNRs.

the azimuth angle and the elevation angle is less than 1 degree.
The probability of success is obtained by the success times
in 100 simulations.

A. Performance Comparison of Different Polarized Arrays

In Fig. 6, with different polarized antennas in the 6 x 6
MIMO system, the performance comparison of the probability
of success is shown. The 6 antenna elements are arranged
as a 3 x 2 rectangle array with IES = 15\.. There are
2 clusters with the number of rays in each cluster being 7.
The subsequence number is 100. The rest parameters are
given in Table V. It is found that the probability of suc-
cess achieves 100% for both the uni-polarized array and the
cross-polarized array at the SNR of about 9 dB. For the NC-
EMVA, the required SNR is only about 6 dB. That is to say,
the NC-EMVA has a better performance than uni-polarized
and cross-polarized arrays. It is worthy to notice that the XPR
cannot be estimated when using the uni-polarized array.

B. Simulation Setup

In this subsection, the setup of the simulations is given
in detail in Table V. For the system configuration, the setup
of the transmitting antenna array and receiving antenna array
are the same, and both arrays are equipped with two EMVAs
(12 antenna elements), respectively. The 12 antenna elements
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Fig. 8. The AoD and AoA MUSIC spectra with different SNRs: (a) AoD, SNR = 0 dB; (b) AoD, SNR = 5 dB; (c) AoD, SNR = 10 dB; (d) AoA,

SNR = 0 dB; (e) AoA, SNR = 5 dB; (f) AoA, SNR = 10 dB.

are arranged as a rectangle array with size 3 x 4. The carrier
frequency is set to be 28 GHz, the IES is larger than half of
the carrier wavelength, and the bandwidth of the signals is
500 MHz. To investigate the robustness and accuracy of the
proposed method, three kinds of situations (IES= 5\, 10,
and 15).) are considered where ). is the wavelength of the
carrier frequency. The length of the subsequence is set to
N = 1024, which is equal to the number of FFT points. The
number of subsequences is set to Lgeq = 300. In the frequency
domain smoothing procedure, the number of virtual subarrays
is set to P = 8. The number of snapshots is set to N = 100,
which is larger than the number of rays.

Two clusters are generated in the simulation. The delays
of the two clusters are set to 7 = [100, 110] ns. Each cluster
contains 14 rays. The number of rays is larger than the number
of antenna array elements, which is 12 in the simulation.
The EAoD and EAoA are set in the range of [0°,180°]. The
AAoD and AAo0A are also set in the range of [0°, 180°]. The
angles of some rays are set close to each other. These rays are
usually scattered or reflected by the closely spaced scatters
or reflectors in the propagation environment. The XPRs of
all rays are set uniformly from 1 to K to cover the possible
range for XPRs. The initial phases are set randomly from —7
to m. The amplitude of each ray is set to fluctuate around
a fixed value for different snapshots. Some of the rays are
set with larger amplitudes, and the rest are set with smaller
amplitudes to show the estimation ability for the rays with
different powers.

C. Parameter Estimation With Different SNRs

The normalized MUSIC delay spectrum under different
SNRs is shown in Fig. 7. Delays can be accurately estimated

even under very low SNR conditions. The AoA and AoD
estimations are based on the delay estimation results, so accu-
rate delay estimation is essential. The AoD and AoA MUSIC
spectra under different SNRs are given in Fig. 8. The rays in
one cluster usually result from the same scatter or scatters with
a nearby position. Therefore, the angles are distributed in a
small scope. Furthermore, some of the rays in one cluster may
have the same azimuth or elevation angle. In the simulation
of Fig. 8, the azimuth and the elevation of some rays are
concentrated within a small degree range. The angle range
of the rays in one cluster is [0°, 180°]. The proposed method
can be used to estimate the AoD and AoA accurately when
the number of rays in one cluster is larger than the number
of antenna elements, even if some of the rays have the same
azimuths or elevations. As the SNR increases, the peaks of
the rays become more clear. The angles can be estimated
unambiguously when the space between two antenna elements
is larger than half the carrier wavelength, which is different
from traditional methods. The reason for the unambiguity of
the angle estimation is that the virtual array elements are
generated via a broadband array response.

Fig. 9 shows the probability of success for the AoD and
AoA estimation. The IES is 15A., 10)\;, or 5\. and N, is
set to 12 or 128. It can be seen from the results that N,
will not have a big impact on the probability of success. This
is because the frequency bins in the virtual subarray are of
high redundancy for the steering matrix construction. Note
that the reduction of IV, will lead to a decrease in estimation
complexity. Therefore, the selection of the frequency bins
should take the estimation complexity constraints and (56)
into consideration in the practical implementation. For larger
IES, the probability of success approaches 100% under a
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lower SNR. This is because the array aperture increases with
increasing IES under the same bandwidth.
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The RMSE of AoA estimation under different SNRs with three different bandwidths. (a) AAoA; (b) EAoA.

Fig. 10 gives the RMSE of the estimated AAoD and EAoD
with different bandwidths. Fig. 11 shows the RMSE of the
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Fig. 13. The XPR estimation results under different SNRs.

estimated AAoA and EAoA with different bandwidths. Here,
the N, is set as 128. The results show that the RMSE
is affected by the bandwidth. At the same SNR, a wider
signal bandwidth leads to better RMSE performance. This is
because the larger bandwidth will lead to a larger virtual array
aperture. The experiments are performed one hundred times
to reduce uncertainty. The CRLB of each situation is given
for comparison. The simulation results show that the RMSEs
of the proposed method are close to those of the CRLB as
the SNR increases. The XPR estimation result of each ray
in all clusters, given in Fig. 13, is accurately estimated. The
exact value stands for the XPR set in the simulation. The
estimated value stands for the XPR estimated by the proposed
method. In the simulation, there are two clusters with 14 rays
in each cluster. Fig. 12 gives the estimation results of the four
initial phases under 10 dB SNR. The four initial phases are
randomly generated in the range of [—, 7]. The exact value
stands for the initial phases set in the simulations. As shown,
the estimated value and the exact value of the four initial
phases fit well for all of the rays under 10 dB SNR. Fig. 14
gives the estimation results of the amplitude of all the rays
in N snapshots. In the simulation, most of the rays are set
with weak power fluctuating in a small range, and only a few
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rays are set with strong power. This situation setting is usually
practical in a real radio propagation environment. The results
show that the amplitude for all of the rays can be estimated
accurately under a SNR of 10 dB.

The minimum SNR required to extract all the rays success-
fully under different Ly, with different array sizes is plotted
in Fig. 15. The required minimum SNR decreases as Lgcq
and the array size increases because the increase in L.y can
suppress the influence of noise and the increase in the array
size can enlarge the array aperture. The simulation results
can be used to guide the design of a multipolarized channel
measurement system that uses the proposed BEAR-based
subspace estimation method.

V. CONCLUSION

A BEAR-based subspace estimation method has been pro-
posed to estimate the delay, azimuth and elevation angles of
arrival and departure, amplitude, XPR, and initial phase with
EMVAA for multipolarized channel measurements. By extend-
ing the array response in the SFP domain, the proposed method
can estimate a large number of rays in one cluster and is not
limited by the number of antenna elements. The proposed
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method works even if the rays have similar azimuths and
elevations. The XPR, which is usually obtained coarsely based
on the power ratio of each polarized antenna element, can be
estimated accurately with the proposed method. In addition,
the four initial phases of different polarization combinations
are estimated accurately. The IES can be larger than half
the carrier wavelength without angle ambiguity in the angle
estimation. Thus, mutual coupling is effectively suppressed.
Simulation results show that larger bandwidth leads to a
smaller RMSE of the AoA and AoD. Moreover, larger IES
leads to smaller required SNR. The proposed method holds
promise for multiparameter estimation in future multipolarized
channel measurements.

APPENDIX A
DERIVATION OF THE RANK-DEFICIENT
MUuSsIC SPECTRUM OF AoD

The steering matrix of the channel response matrix related
to the transmitting antenna array and the reference receiving
antenna element is Bt, which is related to B 1, as (38).
According to (20) and (39), the column of B #, can be rewritten
as by, i = (Ass, 1 @ p)Bg-

p is a 1-by-2 vector, which represents the polarization
component of the reference receiving antenna element. In this
work, it is denoted by the first row of (0O, ;). Let Ay ;, be

. T
Ath, = |:6_‘]27rf17—l Artrlylk, ceey B_JQTrfN“TlAth Ik (59)

Then, the column of Et can be written as Bt,lk =

(At @ p)Bi-

In order to decrease the MUSIC searching dimension,
the rank-deficient MUSIC technique is applied in AoD esti-
mation [32]. Let Axop,ix = Ay, ix ® p, the spectrum can be
written as

Py(Ouur) = det {|Akop 1 (Orik) Un Uiy Anop.ik (Ork)| } -

(60)

Because the columns of Aaqpr depend linearly on Ay,
(60) can be simplified as

Py(Oyik) = det {| AL (Ouk) Un U Ay (©Oui) |} - (61)

APPENDIX B
DERIVATION OF THE FREQUENCY DOMAIN SMOOTHING
MUSIC SPECTRUM OF AOD AND AOA

Sort the N, frequency bins in the subarray p as
[fps--os frutp—1, .- fN.—P4p), where 71, ranges from 1 to
Ng—P+1 and P is the number of virtual subarrays. Construct
a selection matrix Jy, with size N,-by-IN; to select the
frequency bins of the pth subarray. The n.th row of Jy,
corresponds to the n,th row of In.. Let us define a selection
matrix for the pth subarray in the smoothing progress of AoD
estimation Jy g p = J7,p ® Igns, .

Let @, be the phase-shifting matrix of adjacent frequency
bins of the transmitting antenna elements, which can be
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expressed as

>,
p=0,
7¢t,LKL] , p=1,
p>1,
(62)

Lo, Ny x K s
== [¢t,11)"'7¢t,1K17"'
D1 O Py,

a¢t,L17 s

where ¢, ;. is the column of @y ;, and can be written as

Tt,1Y¢,1k
72T @ 1w

tGZWt Ut 1k T
) &® 11><N ]

TS

—j2rAf(mi+ 63)

e
with r( ; being the coordinate of the ith transmitting element,
i =1,...,6M; and Af is the frequency interval of DFT.
Then, let us reconstruct (37) as

1 P
F Z Jt,sm,th
p=1

il p =

P
1~ 1
= 5Bl OB+ 5> JoampliZ (64)

P
p=1

where Bim = Jiam1JiB and By = (10 + By + ... +
D p_q). .
The covariance matrix of Hy p is

1 N N
Rip = ——H, pHp. (65)

6 M N,
EVD of Ry p leads to the 6My N, x (6MyN, — K) noise
subspace U pt,,. The smoothed AoD MUSIC spectrum can be
expressed as

Py(O4,11) = det {‘AE(@t,lk)UPtnUgtnAt(@t,lk)‘} (66)
where the steering matrix A;(Oy ;) is given as
Ai(Ouik) = Josm 1A (O k) © (Ziew @ Lixa).  (67)

APPENDIX C
DERIVATION OF CRLB

Matrix Y is the derivative of B defined as ¥ = 0B /09 =
[8b11/81911 ... 0brk, /819LKL}, where 19 refers to the esti-
mated parameter vector and b is the column of B given as

by, = [e samh btrf1 s oo € TN btrfN lk ' (68)
Note that the antenna pattern is discrete in the space domain
and cannot be differentiated. Without loss of generality, it is
regarded as a unit gain in the calculation progress. The details
of the derivation process for the CRLB are similar to those of
[30] and are not presented.
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