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bands. First, the delay of each cluster is estimated using the reference antenna element. Then, the 2D angles of every ray are
estimated using the classic rank-deficient multiple signal classification (MUSIC). Lastly, the initial phases, XPR and amplitude

of every ray is estimated. Simulation results validate the proposed method.
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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. A new subspace estimation method based on the broadband
extended array response of an electromagnetic vector antenna array is proposed to resolve a large number
of rays. The interelement spacing of the array can be greater than half the carrier wavelength, which
reduces interelement coupling and simplifies the array design, especially for millimeter wave bands.
First, the delay of each cluster is estimated using the reference antenna element. Then, the 2D angles of
every ray are estimated using the classic rank-deficient multiple signal classification (MUSIC). Lastly,
the initial phases, XPR and amplitude of every ray is estimated. Simulation results validate the proposed

method.

Index Terms

Broadband extended array response (BEAR), channel measurements, cross polarization ratio, elec-

tromagnetic vector antenna array (EMVAA), subspace estimation method.

I. INTRODUCTION

The performance of wireless transmission in mobile communication systems is directly depen-
dent on the channel propagation characteristics. Therefore, a multiparameter estimation method
for in-depth analysis of channel propagation characteristics and channel modeling of the mobile
communication systems is important [1], [2]. In 2016, the third generation partnership project
(3GPP) started a study item on channel models [3], [4]. In this study item, delay, two dimensional
(2D) ! angles of departure (AoD), 2D angles of arrival (AoA) and cross polarization ratio (XPR)
are essential small-scale parameters [5]. An accurate and efficient multiparameter estimation
method is of great significance in channel measurements. In addition, polarization must be
considered in channel modeling. Antenna polarization modeling is also advocated by 3GPP.

Previous works have proved that multipolarized multiple input multiple output (MIMO) out-
performs the corresponding unipolarized MIMO in terms of channel capacity in many situations
[6]-[8]. Moreover, dual-polarized antenna configurations outperform single polarization in terms
of spatial correlation [9]. Due to these advantages, the multipolarized MIMO 1is considered to

be a promising technique for next-generation mobile communication systems. There has been

'Two dimensions mean the azimuth and elevation.
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increasing interest in polarized channel modeling and measurement, especially for multipolarized
MIMO systems [10]-[13].

Multiparameter estimation methods, such as maximum likelihood (ML) algorithm [14], multi-
ple signal classification (MUSIC) [15], estimation of signal parameters via rotational invariance
techniques (ESPRIT) and space-alternating generalized expectation-maximization (SAGE) [16],
[17], have been investigated intensively in unipolarized array signal processing. In [16], [18],
[19], the delay and AoA are estimated via a subspace-based method, the number of total rays can
be greater than the number of antenna elements but not the number of rays in one cluster 2. In
[17], [20], the delay, AoA, and fading coefficient are estimated using the SAGE algorithm. The
SAGE and MUSIC algorithms are compared in [20] using measurement data. The multipolarized
array signal processing algorithm has also received substantial attention, typically with respect
to the electromagnetic vector antenna (EMVA) [21]-[25].

An EMVA is a hexapolarized antenna; however, due to the particularity of the EMVA structure,
a collocated EMVA (C-EMVA) is complicated to construct [26]. The major difficulties originate
from the antenna feeding method and the elimination of mutual coupling. To address these
problems, a C-EMVA is usually reconstructed as a distributed EMVA (D-EMVA) or simplified
to a dual- or triple-polarized antenna. The D-EMVA not only simplifies the antenna design but
also suppresses the mutual coupling between the antenna elements. In a D-EMVA, the antenna
elements are spatially distributed with a known distance [27].

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. The existing multiparameter estimation methods usually do not work under
such conditions or suffer from low robustness. Although this problem can be addressed by virtual
MIMO indirectly, which is implied by shifting the antenna in the space mechanically, virtual
MIMO is inconvenient and leads to long measurement time. 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 method is proposed

%A 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 array elements.
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to address the difficulty of using the EMVA array (EMVAA). The dimension of the steering
vector can be increased substantially via BEAR. Traditionally, the AoA is obtained in the space
domain, which requires the array element spacing 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 limitation of interelement spacing can be overcome
by the proposed method. The antenna array shape and interelement spacing are more flexible
than in the traditional method. Furthermore, these advantages are more apparent in millimeter
wave MIMO channel measurement systems. The main contributions of this work are summarized

as follows.

o The BEAR-based subspace estimation method is proposed to estimate the delay, 2D AoD,
2D AO0A, initial phases of the four polarization combination state, amplitude and XPR in
multipath environments using a multipolarized antenna array (EMVAA). Specially, the XPR
of each ray is estimated in detail, rather than 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.

« By means of the proposed method, the radio frequency (RF) module of the channel sounding
system is simplified and the mutual coupling in the antenna array is suppressed because the
interelement spacing can be larger than half the carrier wavelength. Moreover, 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 difficulty in channel parameter estimation.The proposed BEAR-based method
utilizes the response in the space-frequency-polarization (SFP) domain to solve this problem.

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 1. 1,4y 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 ey. Superscript (-)™
denotes the Hermitian transpose, and (-)* denotes transpose. The Hadamard product, Khatri-Rao

product, and Kronecker product are, respectively, denoted by ©, @, and ®. A diagonal matrix
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Cluster #1

Cluster #L

Fig. 1. Diagram of a CDL channel model.

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{x}. The pseudoinverse of X is represented as X'.

II. SYSTEM MODEL

In this section, the clustered delay line (CDL) channel model, multipolarized antenna system
and the received signal model are presented. Subsequently, the SFP domain channel response of

the wireless channel measurement system is obtained.

A. Channel Model

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 A0A, initial phases of the four polarization combination state, amplitude and XPR of rays.
These parameters are defined in this subsection. A total of K rays in L clusters are considered
for the multipath environment, where K= Zle K, with K; being the number of rays in the
lth cluster. As shown in Fig. 1, the rays in the [th cluster arrive at the receiver with different
AoDs and AoAs but approximately the same time delay 7;. Denote the kth ray in the [th cluster
as the kjth ray. The azimuth AoA and AoD (AAoA and AAoD) of the k;th ray are denoted
by ¢rur and ¢ . The elevation AoA and AoD (EAoA and EAoD) of the k;th ray are denoted
by 0.;; and 6, ;. The angle definition is given in Fig. 2 (a). Define Oy =S {@t1k, Ot} and

June 10, 2020 DRAFT



6 IEEE TRANSACTIONS ON COMMUNICATIONS

Ok = {Prik, Orir ). The direction cosine of AoD is denoted by
W 11 (O k) = [8in 15 €OS Qi 11, SNy SINGy 11, cOS Oy i ] (1)

For the AoA, the direction cosine is u, (O, ), which is obtained by substituting the subscript

’t” in (1) with ’r’. The ray may change polarization status during propagation. Such process is

eIwik A //{l_klej""lvl?
T (:*lk) = (2)
\ g €7 eIl
hv

where Zj £ {kp, Wi, whY, Wit wiY} with Ky, representing the XPR of the k;th ray, {wh? wl wil wiv)

represented by

being the different initial phases of the horizontal and vertical polarization combinations for the

k;th ray.

B. Antenna Pattern and Array Configuration

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 consideration
in the received signal modeling progress to de-embed the influence of the antenna pattern. For a
D-EMVA array (D-EMVAA), the dipoles and loops are arranged in different directions, so each
element of a D-EMVA has a unique antenna gain. Here, the gains of the transmitting D-EMVA
from ©; are denoted as Gy ex(0:), Giey(Ot), Gies(O1), Ginx(Or), Giny(O:) and Gy p,(Oy).
Similarly for the AoA, the gains are denoted by substituting the subscript 't" with 'r’

In this work, a multipolarized MIMO system with M and M, D-EMVAs on the transmitting
side and receiving side is considered. Fig. 2(a) shows the structure of the applied antenna arrays
where the dashed lines depict the C-EMVA. The definition of the azimuth and elevation angles is
shown in Fig. 2(b). The coordinate of the mth C-EMVA can be denoted as 1, = [, Ty, T'm.z]-
In addition, the reference coordinates of the six elements are given as Ty, Tey, Tey, Thx, Thy, and
ry, for a D-EMVA. In this study, the interelement spacing 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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(b)

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

and elevation angles.

C. Transmit-Receive Signal Model

As shown in Fig. 3, the transmitting sequence of the (my,7)th antenna * in the lg . th subse-
quence can be expressed as a row vector S, ; [(lseq — )Ny +nT],ns = 1,..., Ny and lseq =
1, ..., Lyeq, Which is denoted as s, .., (ns7") compactly. T is the code width, and N is the
length of the subsequence, which is also equal to the number of discrete Fourier transform

(DFT) points. In practical implementations, the DFT uses fast Fourier transform (FFT). Note

3The (mg, 7)th antenna is defined as the ith element of the m¢th D-EMVA, where m; =1,..., My and i = 1,...,6.

June 10, 2020 DRAFT



8 IEEE TRANSACTIONS ON COMMUNICATIONS

| S1,11 | S1,1,2 | |s1r1vLseq
L —_ 1,)th .
length Ns T 7 T [ 1 | EMVAA element O
| S1,6,1 | 51,62 | |51,5.Lseq . b ------- q
length N, Y — (1,6)th istributed EMVA
[T T 1. T 1] EMVAA element
| SMy,1,1 | SM1,2 | |th,1,Lseq Dt
—  — M, t
IengtthI T[] .. ] 1] EMVA/tAeIement
SMy6,1 SMy6,2 SM6,Lse P
length N, /l - |\‘| | 1 (M 6)th  distributed EMVA
Ll . [T1] EMVAA element

Fig. 3. Transmitting sequence structure of a snapshot.

that L, > 6M;. The transmitting sequences for all transmitting antennas in matrix form can
be denoted as

S = [Sla 827 aS) SLseq] (3)

where

Slseq = [Slseq17 ) slseqNs] (4)

with s, ,, being the ngth code of the [y .qth subsequence for all transmitting antennas, which is

defined as

T
Slueqne = |[S11lseq (MT) 5 -y S0610q (N5T)] (5)

Thus, the ns sample of the [, subsequence in the nth snapshot of the received signal can
be denoted by (6), where z,, is the complex white Gaussian noise of the nth snapshot and a, i,
represents the fading coefficient of the k;th ray in the nth snapshot. The channel is considered

as time-varying for different snapshots.

L K,

ynnslseq (fa @ra @t7 E’) = Z Z Qlp 1Ay (f76r,lk) & [ng (Gr,lk) s> Agdr (f, @r,lk)] TT(Elk)

=1 k=1

-a (f, O k) ® [g? (Otur) @ Agdt (f, @t,lkﬂslseq,ns (nsT — 1) + 2,
(6)
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Let a;(f, O %) be the space-frequency domain steering vector of the k;th ray for the AoD. It

can be expressed as

ranugie ] T
(&

) riug ik .
ay (f? @t,lk) - |:6_j27rf Ct PREES} €_J27rf (7)

where c is the speed of light. For the AoA, it is denoted by a,(f, ©, ). g:(O¢ ) is the antenna

gains vector of a D-EMVA for the AoD, which is written as

o (@t,lk) = [Gt,ex (6t7lk) ) G(t,ey (®t,lk) ) Gt,ez (@t,lk) ) Gt,hx (@t,lk) ) Gt,hy (@t,lk) ) G(t,hz (@t,lk)]T'
®)
For the AoA, g; (O ;) is replaced by g, (O, ). Let Apq¢(f, Oy ) be the SFP domain steering

matrix of the k;th ray for a D-EMVA in the transmitter. It can be expressed as
Apai (f, Onk) = Dy (f, Ouix) Qi (Ovr) )
where Dy (f, © ) is the diagonal phase shift matrix of a D-EMVA for the AoD, i.e.,
D (f, O¢u) = diag{de i (f, Ocur)}- (10)

The phase shift vector dy . (f, O ) is denoted as (11).

. TexU [k . TeyUt ik . TezUt 1k . ThxYt,lk . ThyYt,lk - ThzYt,lk T
dik (f, Our) = [eﬁ?ﬂf c 76*]27rf70 ,e*]27rf o o I2mf 767327rf e - e I2mf =
(1D
() is the space-polarization domain steering matrix for the C-EMVA, which is expressed as
COS Yy 1k, €OS O 11, — sin ¢y i
sin g ik, €os Oy i COS Pt 1k
—sin Gt,lk 0
Q (O k) = . (12)
— sin @y i, — COS P11 €OS Oy 11
COS P 1k — sin ¢y 1, cos Oy i,
0 sin et,lk

For the AoA, the corresponding expressions are denoted by Apa; (f, Or.k), Qr (Or41), Dy (f, Ork)
and d, i, (f, Orx)-

June 10, 2020 DRAFT
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D. Channel Response in the SFP Domain

The received signal Y, in the nth snapshot consisting of L., different subsequences, i.e.,

Ynlseq = [Ynllseq7 Yn2lseqs -+ YnNslseq} (13)

where Y. (f, O, ©,,8) and yn.,., (f, O, ©,, E) are replaced by Y, . and y,n,., for

seq

X Ng

simplicity, respectively. Performing the DFT on each row of Y, € C6M: yields

Yotsoaf = Vnteeafis Ynloafor o Ynlsea .- (14)
Then, the received signal of the nth snapshot in frequency bin f; can be obtained as

Ynfi = [YHlfia Yn2s;s ey yaneqfi:| (15)
=H.;,Sy, + Zuy,

where Y,;, € COMxlswa H, . and Z,; represent the channel response and additive white
Gaussian noise in the nth snapshot in frequency bin f;. The standard deviation of the noise is

o with mean zero. S ¢, 1s the transmitting signal in frequency bin f; for all subsequences, which

can be expressed as

Ss, = [FS1, FSs, ... FSr... | I, (16)

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 J;, = I ®e; with e; being the ith column of I,. Each

row of S #, 1s orthogonal to each other, which satisfies
Iy, =S;,SY. (17)

Let h, s, = vec(H,,), which can be expressed as

L K;

hop =Y > byt me 2 (18)

=1 k=1

where by, s, ;i is the steering vector of the k;th ray at frequency bin f; given as

b ik = Ates, ikBik- (19)
Here, Ay, ; is the steering matrix of the k;jth ray at frequency bin f;, which is defined as

Avrian = (Avpine @ Avy, k) (20)

DRAFT June 10, 2020
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where Ay, ;i represents the steering matrix of the k;th ray at frequency bin f; in the transmitting

side denoted as

T
Acpan = acf 0 @ [gak D Agdt,fi,lk] : (20

In (19), By, = vec(Ty;) is a column vector. For the corresponding receiving array response, it is
denoted by substituting the subscript ’t” in (21) with ’r’. For compact expression, let us rewrite
(18) as
h,; =By Fra, =By, (22)
where
Birsi = [Bufii1s s Pugiikis o Pty o Borg L, | (23)

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

T
a, = [an,lla vy O 1Ky oo O LKy -y CYn,LI(L] . (24)

In (22), Fy, is the phase shifting diagonal matrix of frequency bin f; caused by the delay written

as

F; = diag \e*ﬂ”fm, o e*ﬂﬂf”i, ...,\67]27”%“, el b (25)
TV TV

K1 KL

Then, h,, ;, can be estimated as

h,j, = vec(Y,,S}). (26)
Thus, the estimated channel response in SFP domain for all snapshots can be obtained as
Blfl IA12f1 T ﬁNﬁ
~ IAllfz f12]"2 T lj\1Nf2
H = 27
ﬁlst fl?fzvs T ﬁNfNS
which can be further expressed as
H =BT + Z (28)

where B, T' and Z respectively represent steering matrix of the array, the amplitude of rays for

N snapshots and the noise matrix, which are given as

T
T T T
B: Bfl’BfQ’“"BfNS y (29)

June 10, 2020 DRAFT
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I = [al,...,aN, (30)
and _ .
vec (Zlf1 S?l) <o+ vec (ZNf1 SIJ?I)
7 = (31
| vec <Z1fNS SIJ}INS> .- vec (ZNfNS SI}INS>_

III. MULTIPARAMETER ESTIMATION
A. Maximum Likelihood Estimator

The maximum likelihood (ML) estimator is considered to be an accurate estimator. The

likelihood function can be written compactly as

L(©,0,,8) = argmax { MM, N,InF (O, 0,,E)} (32)
©,,0,,2
where
F(©,0,8) =tr {HHH _B.(©,,0,.E)Bl.(0,,0, E)I:II:IH} . (33)

Thus, the ML estimate of @, ®,, E is obtained by maximizing F(©¢, ©,, E). Due to the large
number of impinging rays and multiple parameters, the ML estimator consumes substantial
computational resources. Therefore, these multiple parameters must be estimated one after the

other with much lower complexity.

B. Delay and Angle Estimation

The propagation delay of a ray is estimated with the reference antenna element. Define a
selection matrix J, = Iy, ® e], where e; is the first column of Iz 7. Then, the channel

response of the reference antenna element is expressed as
H, =J,H (34)

Let f{T:%IA{TPAIE be the covariance matrix of ﬂT. The rank of f{T is the number of clusters
without considering the noise. The eigenvalue decomposition (EVD) of R. leads to the N, x

(Ns — L) noise subspace U, ;. The delay MUSIC spectrum can be expressed as

P, (1) = arg min }a? (1) Un,TUE’TaT (1)] (35)

T
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YANG et al.: BROADBAND EXTENDED ARRAY RESPONSE BASED SUBSPACE ESTIMATION METHOD 13

where a is the steering vector in the frequency domain of the reference antenna element, which

can be expressed as

a, (1) = [e792mhT mimhr | pmitninT] T (36)

The AoD can be estimated with the channel response related to the transmitting antennas and
the reference receiving antenna elements. Define a selection matrix J; = Igy.z, ® €], where e;

is the first column of Igy,. . Then, the object channel response is given as
H,=J,H=B,T + J.Z (37)
where B is the steering matrix of the object channel response, i.e.,
~ - - - 7T
B = |(BunFp) s, (Beesy, Fry,) . (38)

Here, Btrfi is obtained as

Bi/, = JirerBur, (39)

where Jy ref = Ign, ® el and e; is the first column of Isyy,. Let f{t:%ﬂtﬂ{{ be the covariance
matrix of H;. The rank of R, is equal to the number of rays without considering the noise. The
EVD of Rt leads to the 6 M Ny x (6 M N;— K') noise subspace Uy,. The AoD MUSIC spectrum
can be expressed as
P; (O) = arg glin det {|A (Ou) U U Ag i (O |} - (40)
t,lk
The derivation process is shown in Appendix A.
Similarly, the AoA is estimated with the channel response related to the receiving antennas
and the reference transmitting antenna element. Define a selection matrix J, = Iy, ® elT ® Isas,,

where e; is the first column of Igy., . Then, the object channel response is

~

H,=J,H=B.I' + J.Z (41)

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

~ ~ ~ T
B, = (Btrf1Ff1)T7 ey (Btrst FfNS)T : (42)

Here, Btr #, 1s obtained as

Btrfi = Jr,rethrfi (43)
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0 dfl fre1| - | fus-pi %Subarrayl
f1 o | g Split fo fpez| - | fas—P+2 %—<Subarray2 +)—H,

fo |for | - | Tws  [Sibarray P

Fig. 4. Diagram of the subarray division method.

where J, of = erf ® Igp and e is the first column of I,,. Note that Btrfi in AoA estimation
is different from that in AoD estimation, which is caused by different selection matrix J; ;¢ and
Jrrer. Let f{r:%flrﬂ? be the covariance matrix of ﬂr. The rank of f{r is equal to the number
of rays without considering the noise. The EVD of Rr leads to the 6 M, N x (6 M, Ns — K) noise
subspace U,,. The AoA MUSIC spectrum can be expressed as

P, (©, ) = argmin det {]A? (Ork) U, UTA, (Ork) |} . (44)

Or1k

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 covariance matrix of the channel response. To reduce the effect of the AWGN and the
computational complexity, a frequency domain smoothing preprocessing technique is proposed.
The whole frequency band is divided into P subfrequency bands, and each subfrequency band
corresponds to a virtual subarray. 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 AoA can be derived by means of this technique. See Appendix 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
Hpair:JpairH (45)

DRAFT June 10, 2020
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where J pair:elT ® In, with e; being the first row of Isgazas,. EVD of H,, yields the noise
subspace Upgir n-

The steering matrix for the channel response of the selected frequency bin is constructed as
Apair (ér,llm ét,lk) = Atfl,lk <®t,lk) & Arfl,lk (ér,lk> . (46)
The aim of the pair matching of AoD and AoA is to find the AoD-AoA pair such that

Ppair = arg min det{’AH Upair’nUH Ao

pair pair,n
Or, 11,041k

}- (47)

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 subsequently. Let

—72 —j2
Atrfl,lle J2m fim Atrfl,LKLe J2mfiTL

A= : ; . (48)

Aupy 1€ PTINT e Ay eI

The steering matrix of the array B can be rewritten as
B=AVY, (49)
where W is the block diagonal matrix, and can be expressed as

W =1k & [Bi1,., Bk Bras - Bk, - (50)

Then, II = WI' can be obtained with the estimated delay and angle as

A~

I1=AH. (51)

To reduce the effect of the noise, sum II by column to get an column vector denoted by v,

which can be written as
T

N N
— T T T T T
V= [vllu ) VLKL] - E an,11/8117 i E an,LKL/BLKL . (52)
n=1 n=1
Let w be the initial phase vector of all rays
_ vV hv vh hh vV hv vh hh T
w = [Wll y Wi W Wig s s WLKLJWLKL’MLKvaLKL] : (53)
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Then, the estimate of w can be written as
w = arg{v}. (54)

For the k;th ray, the XPR can be estimated as

R = ’Vlk (1)| + ’Vlk (4)‘ 2
" (|Vlk: (2)| + |vik (3)|) : (55)

With the estimated initial phase and XPR, W can be reconstructed as \il then the amplitude of

the rays for all N snapshots is obtained as

I =il (56)

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

The method of CRLB derivation in [28] is used in this work. The parameters that must be
estimated are (¢, O ks Prik, Orar, 1) With [ =1,..., L and k = 1, ..., K. The CRLB is given

as

N -1
CRLB (¢) = %{Z Re [AHYH (I - BB') TA,] } (57)
n=1

where & represents one of the parameters to be estimated, A,, = diag{cv,x} and Y is given in

Appendix C.

G. Implementation of the BEAR-Based Subspace Method and Comparisons with Existing Meth-

ods

The multiparameter estimation procedure using the BEAR-based subspace method is sum-
marized in Table I. Comparisons with existing methods are presented in Table II. 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 overlapping signals in the temporal domain and

algorithm complexity limit its practical implementation.
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TABLE 1

STEPS OF THE BEAR-BASED SUBSPACE ESTIMATOR.

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

1: for n =1 to N do

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

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

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

5: end for

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

7:-for I =1to L do

8: Calculate H; and H,, then perform frequency smoothing to obtain

H; p and H, p, estimate AoD using (71).

9: end for

10: Perform pair matching between AoD and AoA.

11: Estimate initial phases, XPR and amplitude with (54), (55) and (56).

TABLE 11

COMPARISONS WITH METHODS IN THE REFERENCES.

Method Estimated parameters Resolvable rays in one cluster
JSTPE [19] Delay, AAoA 6M, —1
SAGE [17] Delay, AAoA, Amplitude -
MAPS [18] Delay, 2D AoA 6M, — 1
Delay, 2D AoA, 2D AoD, XPR
Proposed Method 6M.Ny/P —1

Amplitude, Initial Phases

17
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TABLE III

COMPLEXITY ANALYSIS OF THE PROPOSED METHOD.

Item Complexity

FFT for the received signal O (6N Lgseq Ns M; log (6N M) )

EVD of H, O (N?)
MUSIC delay searching O (LW-N2)

EVD of H, O (216M2M3)

EVD of H; O (216 M? M})

MUSIC AoA searching | O (48LWaoa M, My (3M, My + 2))

MUSIC AoD searching O (48LWaop M My (3M My + 2))

H. Complexity Analysis

The computational complexity of the proposed method is calculated in terms of complex
multiplications. To reduce computational burden, the FFT is used to replace the DFT. The
complexity of the FFT for a M x N matrix is M Nlog(M N). The number of computations
for an EVD of M x M matrix is O(M?). Let M; = N,/ P be the length of the split subarray in
the frequency domain. In Table III, the complexity of estimating the parameters for all K rays
is shown in detail where W, W,p and W 4,4 represent the number of rank-deficient MUSIC
search times, ¥, is the one-dimensional search times, which is inversely proportional to the
search step, and W,p and W, 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 searching progress need to be performed L times.

IV. NUMERICAL SIMULATIONS AND ANALYSIS
A. Simulation Setup

In this section, simulations are performed to evaluate the performance of the proposed BEAR-
based method. Multipath propagation channels with additive white Gaussian noise are simulated.
Two clusters are generated in the simulation. Each cluster contains 14 rays. The transmitting

antenna array and receiving antenna array are equipped with two EMVAs (12 antenna elements),
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respectively. The number of rays is larger than the number of antenna array elements. The
carrier frequency is set to be 28 GHz, the interelement spacing is larger than half of the carrier
wavelength, and the bandwidth of the signals is 500 MHz. The length of the subsequence is set
to Ny = 1024 code width, which is equal to the FFT points. The transmitting polarization of
the rays is assumed to be known in the channel sounding system and can be controlled by the
weighting vector w. The number of snapshots is set to 100, which is larger than the number of
rays.

In the simulation, accurate 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

L K

Q
RMSE = | 223> (fa — na) (58)

g=1 1=1 k=1
where () is the number of experiments and ¢ represents the azimuth or the elevation.
B. Parameter Estimation with Different SNRs

The delays of the two clusters are set to 7 = [100, 110] ns, and the transmitting wave is set

to be vertical polarized. The normalized MUSIC delay spectrum under different SNRs is shown

in Fig. 5.
10° ‘
= ——SNR=-20 dB
= ——SNR=-10dB
8 102 SNR=0dB
(% ——SNR=10 dB
O —— SNR=20 dB
B 104
D 10
S
E 10
©
£
o
Z 10
80 ) 100 110 120 130

delay (ns)

Fig. 5. The normalized MUSIC delay spectrum with different SNRs.
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SNR = 10 dB; (d) AoA, SNR = 0 dB; (e) AoA, SNR =5 dB; (f) AoA, SNR = 10 dB.
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Fig. 7. The probability of success for AoD and AoA with different SNRs.
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Fig. 8. The RMSE of AoD estimation under different SNRs with three different interelement spacings. (a) AAoD; (b) EAoD.

Delays can be accurately estimated even under very low SNR conditions. The AoA and AoD
estimations are based on the delay estimation results, so accurate delay estimation is essential.
The AoD and AoA MUSIC spectra under different SNRs are given in Fig. 6. The rays in one
cluster usually result from the same scatter or scatters with 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. 6, 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] degrees. The proposed method can estimate the AoD and AoA accurately when the
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Fig. 9. The RMSE of AoA estimation under different SNRs with three different interelement spacings. (a) AAoA; (b) EAoA.

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 the traditional
methods.

Fig. 7 shows the probability of success for the AoD and AoA estimation. The interelement
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Fig. 10. The XPR estimation results under different SNRs.
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spacing is 15\, or 10\.. The condition for judging the success of the estimation is that the sum
of the RMSE of the azimuth angle and the elevation angle is less than 1 degree. The probability
of success is very close for AoD and AoA estimation under the same antenna element space.
For larger antenna element space, the probability of success approaches 100% under a lower
SNR.

Fig. 8 gives the RMSE of the estimated AAoD and EAoD with different bandwidth. Fig. 9
gives the RMSE of the estimated AAoA and EAoA with different bandwidth. The results show
that the RMSE is affected by the bandwidth. At the same SNR, a wider signal bandwidth leads
to better RMSE performance. The experiments are performed one hundred times to reduce the
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. 10, is accurately estimated.
In the simulation, there are two clusters with 14 rays in each cluster. Fig. 11 gives the estimation
results of the four initial phases under 10 dB SNR. Fig. 12 gives the estimation results of the
amplitude of all the rays in N snapshot. In the simulation, most of the rays are set with weak
power fluctuated in a small range and only a few rays are set with strong power. This situation
setting is usually practical in the real radio propagation environment. The results show that the
initial phases and the amplitude can be estimated accurately under 10 dB SNR.

The minimum SNR required to extract all the rays successfully under different Ly, with
different array sizes is plotted in Fig. 13. The required minimum SNR decreases as L, and
array size increases because the increase in Ly, can suppress the influence of noise and the

increase in the array size can enlarge the array aperture.

V. CONCLUSIONS

A novel BEAR-based method has been proposed to estimate the delay, azimuth and elevation
angles of arrival and departure, amplitude, XPR and initial phase with EMVAA for multipolarized
channel measurements. By extending 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 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

elements, can be estimated accurately with the proposed method. In addition, the four initial
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phases of different polarization combinations are estimated accurately. The interelement spacing
can be larger than half the carrier wavelength without angle ambiguity in the angle estimation.
Thus, mutual coupling is effectively suppressed. The simulation results have shown that larger
bandwidth leads to a smaller RMSE of the AoA and AoD. Moreover, larger interelement spacing
leads to smaller required SNR. The proposed method is a promising candidate for multiparameter

estimation in future multipolarized channel measurements.

APPENDIX A

DERIVATION OF THE RANK-DEFICIENT MUSIC 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 Btr #, as (38). According

to (19) and (39), the column of Btrfi can be rewritten as

bees, ik = (Avsur @ 112) B (59)

Let At,lk be

. , T
A.th — 67]27rf1TlA;1}17lk7 ceey 67]271"]“]\]57'1 AE}NSJ’C . (60)

Then, the column of Bt can be written as
beix = (At ® 112) Bk (61)

In order to decrease the MUSIC searching dimension, rank-deficient MUSIC technique is

applied in AoD estimation [29]. Let Aaop i = (A¢x ® 112), the spectrum can be written as

P, (Ou) = arg gliﬂ det {‘Aﬁomk (Our) Un Ui Asop i (Oire) |} : (62)
ik

Due to the fact that the columns of Aop ; are linear dependent with that of Ay, (62) can be

simplified as

Pt (@le) = arg gnn det {}A:,{lk (@t,lk) UtnUgAt,lk (@le) }} . (63)
t,lk
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APPENDIX B

DERIVATION OF FREQUENCY DOMAIN SMOOTHING MUSIC SPECTRUM OF AOD AND AOA

Let us define a selection matrix for AoD estimation
Jismi = Ingp ® e;F ® Ignr, (64)

where P is the number of virtual subarrays, and is divisible by Vg, and e; is the ith column of
Ip.
Let ®,, be the phase shifting matrix of adjacent frequency bins of the transmitting antenna

elements, can be expressed as

Lerr, N,/ Pxxcs p =0,
D, = [¢t,11, ey QIR ooy Pr L1 s ¢t,LKL] , p=1, (65)
(pt,p—l O, ¢t,17 D> 17

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

—iorA Ty 1U¢ 1k _i9rA Te 1 1k —ionA ’+"t,6]\/1t‘-1t,lk> —ionA +rt,61\/1t“t,lk
Do = |7 F(n+ =5 ),...,e g2mAf (mt =3 ),""7 e T f(T' ¢ ),...,e T f(n e >/
Ns/P Ny/P
(66)
with ry; being the coordinate of the ith transmitting element and ¢ = 1,...,6M;. Then, let us

reconstruct (37) as

1L
Ht,P = ? ; Jt,sm,th
L (67)
= PBt,sm © ztr + F ; Jt,sm,i‘]tz
where

Bian = Jism1J1Bu, (68)
3= (Pro+Pia+ ... +Pipa). (69)

The covariance matrix of flt, pis

P . .

R p A, oA (70)

P 6M,N,
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EVD of Ry p leads to the 6/ N;/P x (6M;Ns/P — K) noise subspace U py,. The smoothed

AoD MUSIC spectrum can be expressed as

Pt (@mlk-) = arg min det {‘Ai{ (@mlk) UPtnUgtnAt (@t,lk) }} (71)
t,lk

where the steering matrix A (O ) is given as

Ai (Ouk) = Jeoma1As (Orir) © [9 (O) , (O )] (72)

with 19 representing the column expression of X.

APPENDIX C

DERIVATION OF CRLB

Matrix Y is the derivative of B defined as

T:—:

OB
g3 [

by ObLKy (73)
0611 T Ok,

where b is the column of B given as

b = [Berpne 77 L by awe TN (74)

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. & refers to

the

arc

(1]

(2]

3

—

(4]

(3]

(6]

estimated parameters. The details of the derivation process are similar to those of [28] and

not presented.
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