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Virtual Angular-Domain Channel Estimation for
FDD Based Massive MIMO Systems With
Partial Orthogonal Pilot Design

Peiyao Zhao
Zhaocheng Wang

Abstract—This article proposes a virtual angular-domain chan-
nel estimation scheme for massive multiple-input multiple-output
systems operating in frequency division duplex (FDD) mode. Dif-
ferent from the conventional scheme where orthogonal pilots are
transmitted on different antennas, we propose to transfer the
channel estimation problem to the virtual angular domain and
utilize the channel sparsity to reduce the training and feedback
overhead. An orthogonal matching pursuit with Gram-Schmidt
orthogonalization algorithm is proposed to construct the unitary
transformation between the spatial domain and the virtual angu-
lar domain, which achieves higher sparsity than the existing ap-
proaches. Furthermore, we propose to estimate the downlink (DL)
dominant angular set, which captures most of the channel power
with only a few elements, by utilizing the directional reciprocity of
FDD systems, where a calibration algorithm is introduced to handle
the different wavelengths of uplink and DL transmissions. Based
on the estimated dominant sets, we introduce a partial orthogo-
nal criterion for virtual angular-domain pilot design and further
propose two pilot assignment algorithms which minimize pilot
overhead and pilot-reuse interference, respectively. Theoretical
analyses on pilot overhead and the mean square error (MSE) per-
formance are also presented. Simulation results demonstrate that
our proposed virtual angular-domain channel estimation scheme
provides excellent MSE performance with much reduced pilot over-
head and, consequently, enjoys much larger per-user achievable
rate in comparison to the conventional schemes.

Index Terms—Massive MIMO, FDD, channel estimation, pilot
design, sparsity, virtual angular domain.

I. INTRODUCTION

ASSIVE multi-input multi-output (MIMO) technol-
ogy [1] has attracted great attention from both academia
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and industry due to its high spectrum and energy efficiencies [2],
achievable by deploying a large number of antennas at the base
station (BS). To fully utilize the benefits of massive MIMO,
knowledge of downlink (DL) channel state information (CSI)
must be available at the BS for the operations including user
equipment (UE) scheduling and precoding [3]. Massive MIMO
systems with time division duplex (TDD) mode have been
extensively investigated [ 1]-[6], where the DL CSI can be easily
acquired from the uplink (UL) channel by exploiting the channel
reciprocity. Nevertheless, TDD massive MIMO systems suffer
from performance degradation caused by pilot contamination [5]
and calibration error of radio frequency (RF) chains [6]. While
pilot contamination can be mitigated or even eliminated by
careful pilot designs [7]-[9], calibration error of RF chains
will render the DL channel and the UL channel nonreciprocal.
Moreover, massive MIMO is expected to be compatible with
the current cellular systems, where frequency division duplex
(FDD) protocol dominates [4]. Thus exploring an effective DL
channel estimation approach is essential for FDD based massive
MIMO systems.

The conventional approach to estimate DL CSI is based on
orthogonal pilots [10], [11]. However, the pilot and feedback
overhead, which scales linearly with the number of antennas at
the BS [11], is overwhelmingly high in the context of massive
MIMO. Recently, many overhead reduction methods have been
proposed for FDD massive MIMO systems. One solution is to
exploit the low-rank property of the channel covariance ma-
trix (CCM) [12]-[14]. For example, open-loop and closed-loop
strategies were proposed in [12] to reduce the DL channel
estimation overhead where the spatial correlation and the tem-
poral correlation are utilized. The work [13] proposed a joint
spatial division multiplexing scheme where the dimension of
the effective channel is reduced via a pre-beamforming matrix
obtained from the CCM. Moreover, the studies [15]-[17] have
demonstrated the feasibility of extracting the channel statistics
from the outdated-channel-state-information by utilizing time-
domain channel coherence. However, acquiring the CCM is
challenging in FDD massive MIMO systems, and the overhead
of accurate CCM feedback can be excessively high.

Fortunately, massive MIMO channels exhibit sparsity in vir-
tual angular domain due to the small angle spread observed
at BS [18]. The experimental results of [19] show that the
DL channel reconstructed with only 4 paths captures 85% of
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the total power on average under both line-of-sight (LoS) and
non-line-of-sight outdoor environments, where the BS is
equipped with a 8 x 8 uniform planar array. Utilizing the virtual
angular domain channel sparsity, various compressive sensing
(CS) based algorithms have been proposed [20]-[24]. Specifi-
cally, a non-orthogonal DL pilot design and a distributed sparsity
adaptive matching pursuit algorithm were proposed in [21] by
exploiting the common sparsity across different subcarriers.
Weighted [;-minimization frameworks were adopted in [22]
to enhance the performance of sparse reconstructions over the
greedy-based algorithms. The work [23] proposed a closed-loop
resource adaptation scheme to handle the uncertainty of channel
sparsity level, and the study [24] combined CS technique and
the conventional least squares (L.S) algorithm by assuming slow-
varying channel statistics. Nevertheless, the CS based algorithms
rely heavily on the randomness of non-orthogonal pilots for
sparsity recovery, which makes them difficult to be applied in
the orthogonal pilot case, and the underlying requirement of
perfect measurement feedback from UE to BS is impractical.
The imperfection of channel sparsity due to power leakage also
degrades the performance.

Previous studies and experiments have shown that the UL
channel and the DL channel have similar directional and power
properties in FDD systems [25]-[27]. In WINNER II channel
models [26], the parameters of each multipath component from
both the UL and DL channels, including angle of departures
(AoDs), angle of arrivals (AoAs) and path gains, are modeled as
the same. With extensive field experiments, the work [19] also re-
veals that the dominant paths of the DL channel can be obtained
from the estimated UL AoAs. Thus, the DL dominant angular
set, which is defined as the set that contains the indexes of several
largest elements of the virtual angular-domain DL channel, can
be estimated from the UL channel with high reliability. Based
on the knowledge of dominant angular sets, a user grouping
based and a threshold-based DL training methods were proposed
in [28] and [29], respectively. However, the method of [28] relies
on the assumption of non-overlapping AoAs for different UE
groups, while the method of [29] assumes that some common
scatterers are shared by all the UE. These assumptions can be
unrealistic in practical systems since UE are randomly located.

In this paper, we propose a novel virtual angular-domain
channel estimation scheme with partial orthogonal pilot design
for FDD massive MIMO systems. Specifically, the DL domi-
nant angular sets are firstly estimated from the UL channel by
utilizing the directional reciprocity [25], [26], where an orthog-
onal matching pursuit with Gram-Schmidt orthogonalization
(OMP-GSO) algorithm is proposed for sparsity enhancement,
and a calibration algorithm is introduced to handle the different
wavelengths of the UL/DL channels. Based on the estimated DL
dominant angular sets, virtual angular-domain pilot signals are
designed with a partial orthogonal criterion and transmitted to
UE. UE then perform DL channel estimation in virtual angular
domain and feed the measurements back to the BS for channel
reconstruction. Owing to the sparsity of virtual angular-domain
channels, the required training and feedback overheads for our
approach increase linearly with the sparsity level rather than
the number of antennas at the BS. Compared to the approaches
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of [28], [29], our proposed scheme can handle arbitrary DL
dominant angular sets without any assumption on UE locations.
If the CCM is available, our proposed scheme can be easily
combined with the knowledge of CCM. Specifically, the opti-
mal unitary transformation between the spatial-domain and the
virtual angular-domain channels can be obtain from the singular
value decomposition (SVD) of the CCM. Simulation results
demonstrate that the proposed scheme enjoys reliable channel
estimation performance with low training overhead and, conse-
quently, achieves much larger DL throughput in comparison to
other existing schemes. The main contributions of our paper are
summarized as follows.

® We propose an OMP-GSO algorithm to construct the uni-

tary transformation between the spatial-domain channel
and the virtual angular-domain channel, which achieves
better sparsity in comparison with the previous meth-
ods [28], [30], especially in multi-user scenarios. Con-
sequently, pilot and feedback overhead can be further
reduced.

® We propose a partial orthogonal criterion for multi-user

angular-domain pilot design, which removes impractical
assumptions on UE locations, such as non-overlapping
AoAs [28] and common scatterers [29]. Furthermore, we
propose two pilot assignment algorithms which minimize
the pilot overhead and the pilot-reuse interference, respec-
tively. Theoretical analysis on pilot overhead and the mean
square error (MSE) are also conducted.

The rest of the paper is organized as follows. Section II
introduces the system model. In Section III, we present the
DL dominant angular sets estimation, including the OMP-GSO
algorithm and UL/DL calibration. In Section IV, we investigate
the virtual angular-domain channel estimation with partial or-
thogonal pilot design. Numerical simulations are conducted to
demonstrate the superior performance of the proposed scheme
in Section V, and Section VI concludes the paper.

II. SYSTEM MODEL

As with all the existing works [12]-[14], [20]-[25], [28]-[30],
we consider a single cell multi-user massive MIMO system
operating in FDD mode, where K single-antenna UE are served
simultaneously by the BS equipped with M antennas.! The
DL transmission is divided into three stages: pilot training, CSI
feedback and data transmission.

A. Downlink Training Model

At the pilot training stage, the BS broadcasts the pilot sig-

nal matrix ® = [sT ---sT,]T € CM*" for channel estimation,

'For the multi-cell senario, two issues need to be resolved, namely, UL pilot
contamination and DL inter-cell interference. UL pilot contamination can be
largely mitigated or even removed completely using the schemes originally
designed for TDD systems [31]-[33] There are two solutions dealing with
downlink inter-cell interference in DL channel estimation based on frequency
division multiplexing (FDM) and time division multiplexing (TDM). In the
FDM based method, the neighboring BSs transmit their DL pilots on orthogonal
frequency resources to avoid interference, but the pilot overhead becomes very
large. In the TDM based method, the pilots of the adjacent cells are transmitted
on different time slots to alleviate the interference.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on May 23,2020 at 09:12:24 UTC from IEEE Xplore. Restrictions apply.



5166

where s,, € C'*7 is the length-7 pilot sequence transmitted
on the mth antenna element for 1 < m < M. The received
signal sequence yj € C'"*7 at the kth UE for 1 < k < K can
be expressed as

ye = (hPY) " @ 4y, (1)

where hP™ € CM*! is the DL channel vector between the BS
and the kth UE, and n;, € C'*7 is the complex additive white
Gaussian noise (AWGN) sequence with the covariance matrix
E{n,C ny} = o2 1,. Here, E{-} is the expectation operator and
I, isther x T 1dent1ty matrix.

In the conventional channel estimation scheme, orthogonal
pilots are transmitted on different antennas, i.e., s;8; = d; ;,
where 0; ; = 1 if ¢ = j; otherwise 6; ; = 0. Utlhzmg the LS
algorithm, the DL channel of the kth UE is estimated according
to

Pt = (@'@7) @yl @)
where ®* is the conjugate of ®. The estimated channel iALE,L is
then fed back to the BS through quantization codebooks, such
as the precoding matrix index (PMI) in LTE [10]. However, the
orthogonality of pilots requires 7 > M, which imposes huge
training and feedback overhead when the number of antennas at
the BS M is large.

B. FDD Channel Model

Previous studies and experiments have shown that the UL and
DL channels of a FDD system share similar directivity [19], [25],
[26]. Specifically, we adopt a geometric narrow-band channel
model with P paths, where the UL and DL channels have
the same small-scale parameters, including the AoA/AoD and
gain of each path [26]. However, due to different UL and DL
wavelengths, the transmitted UL and DL signals experience
different phase changes after propagating the same distance,
which is modeled as independent random phases. We assume
perfect power control at the BS such that the effects of large
scale fading and shadow fading are taken care of. By omitting
the UE subscript index, the UL channel AU € CM*! and DL
channel APY € CM*! can be represented respectively by

\/>Za v a UL (¢, Op),
o o)

where the complex gain of the pth path «, follows the complex
Gaussian distribution with zero mean and unity power, denoted
by oy, ~ CN(0, 1), 17" and ¢" are the independent random
phases of the pth path in the UL and DL channels, respectively,
which are both uniformly and randomly distributed in [0, 27],
while ¢, and ¢, denote the horizontal and vertical AoA/AoD of
the pth path in UL/DL, and aV"(¢,,, 6,,)/aP¥ (¢, 0,) € CM*!
is the steering vector at the pth path direction of UL/DL. We
assume that ¢,, and 6, follow the uniform distributions in the
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Rich local scatters
at the UE

0 Scatter 1

Sparsity in
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Fig. 1. Illustration of the virtual angular-domain channel sparsity.

ranges of [p. — A, p. + Al and [0, — AY, 0. + Ab], respec-
tively, where A¢ and A@ are the horizontal and vertical angle
spreads, while ¢. and 6. denote the respective central directions.
For a uniform linear array (ULA), the steering vector is
independent of the vertical angle 6, and it can be written as

®)

P2 o 27 o T
aULA(¢) _ {1 e]%dsmqﬁ . e]%d(]\lfl)bmqb}

where A is the wavelength, d is the antenna spacing, and we have
omitted the superscript for UL/DL. Note that the wavelengths
AUL and AP for the UL and DL channels are different. Without
loss of generalization, the antenna spacing at the BS is set to
d=\Y/2.

C. Virtual Angular-Domain Channel Sparsity

Since the BS is usually elevated high with few scatterers
around, the angle spread observed at the BS is small [21], [28].
Intuitively, most of the paths come from a few angular intervals
nearby the LoS direction at the BS side, as illustrated in Fig. 1.
Consequently, in angular domain, the channel coefficients within
a small angular range of the LoS are dominant, while the other
channel coefficients outside this range tends to be zeros when the
antenna number M is large, which indicates the angular-domain
sparsity of massive MIMO channels. Specifically, the spatial-
domain channel h can be transformed into the angular-domain
channel h via an unitary transform matrix A as h = Ah, which
exhibits sparsity. In another words, h can be expressed as

M
_ AHp _ 7
h = A"h = [h);b;,
i=1

where [h]; is the ith element of h, b; = ([A]}.))" € CM*1is
the ith orthogonal basis, and [A];.) is the ith row of A. Due
to the sparsity of the virtual angular-domain channel, h can be
approximated by the expansion of /N orthogonal bases, where

N <« M, as
h~ [h];b;
i€Q

(6)

)

In (7), Q denotes the dominant angular set, which is defined as
the set that contains the indexes of the IV largest elements of the
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virtual angular-domain channel E i.e.,
|[R];] > [[R];], Vi € Q,Vj ¢ Q. )
Consequently, the DL training model (1) can be rewritten as
yi = (AThPY)T® 4 ny = (RPN @ + e, (9)

where E}?L is the the kth UE’s virtual angular-domain DL
channel, and ® = A*® defines the virtual angular-domain pilot
signal matrix. Similar to antenna ports, we can define the angular
portn, 1 < n < N, as the viLtual port that transmits the virtual
angular-domain pilot signal [®] [n:]- BY exploiting the sparsity of
hP and the dominant angular set information QP", the virtual
angular-domain pilot signal matrix & can be carefully designed
for pilot reduction.

Note that the sparsity of the virtual angular-domain channel
relies on the unitary transform matrix A. The optimal design of
A can be obtained by performing the SVD on the CCM [13],
but the CCM is difficult to obtain in FDD massive MIMO
systems [34]. Benefiting from the structure of steering vec-
tors, the discrete Fourier transform (DFT) matrices are widely
adopted in previous works [21], [29], [30]. Specifically, for
an ULA with M antennas, A = F'j;, where F'); is the size
M x M DFT matrix whose ith row jth column element is
given by [F )i = ¢~ J% 77, However, due to the mismatch
between continuous AoAs/AoDs and discrete sampling of DFT,
power leakage usually occurs, leading to degradation of virtual
angular-domain sparsity.

III. DOMINANT ANGULAR SETS ESTIMATION

This section is devoted to how to estimate the DL dominant
angular sets from the UL channel by utilizing the directional
reciprocity of FDD systems. Specifically, we propose the OMP-
GSO algorithm to construct the unitary transform matrix A,
which achieves remarkable sparsity enhancement in comparison
to the existing methods. We also introduce a calibration method
to handle the different wavelengths of the UL and DL channels.

A. Unitary Transform Matrix Construction

To provide insights on how to construct unitary transform
matrix A, we introduce two metrics for measuring the sparsity
of the virtual angular domain channel h achieved with A, called
the n-sparsity and V-power. In the following,0 <7 < 1,N € N
and1 < N < M,andQ C {1,2,...,M}.

Definition 1: The n-sparsity of vector v € CM*! is defined
as the minimum size of the index set ) that contains more
than the 7 portion of the total power ||v||?, denoted by N,,.
Specifically,

Yico vl

N, = min |Q] s.t. =& > 1.
! lo]1?

(10)

Definition 2: The N-power of vector v € CM*! is defined
as the percentage of the total power ||v||? captured by the largest
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N elements of v, denoted by 7. Specifically,

lo]>

It is clear that smaller 7-sparsity and larger N -power indicate
better sparsity.

To enhance the sparsity of the virtual angular-domain channel,
the work [28] proposed a spatial rotation strategy by modifying
the unitary transform matrix as A = F 5, ¥(y), where

, s |9 = N. (11)

7NN = max

W (p) :diag{l,ej“”,...7ej(M’1)‘9} (12)

is a diagonal matrix with ¢ € (=47, {7] as the spatial ro-
tation parameter. As a result, the original orthogonal bases
b, = ([F ] [i;])H will be rotated simultaneously with the same
angle ¢ while maintaining the orthogonality. However, its per-
formance gain over the conventional DFT method is very limited
since the different paths tend to require different optimal spatial
rotation parameters. Moreover, this method hardly works in the
multi-user scenario because it is very difficult if not impossible
to find a common rotation parameter for randomly located UEs.

The underlying reason is that the orthogonal condition of
the bases restricts the searching to a one-dimension space .
To construct a unitary matrix that achieves better sparsity, we
should remove the orthogonal constraints on bases to minimize
the approximation error and calculate the unitary matrix by the
Gram-Schmidt orthogonalization (GSO).

Lemma 1: Assume that the channel h can be approximated
by the N non-orthogonal but linearly independent bases {b; } ¥,
that is,

N
h=> ab;+he, (13)

i=1

with the residual error h.. By performing the GSO on {b;} Y

i=1>
a set of the normalized orthogonal bases {b?}Y | are obtained,
and h can be approximated by the expansion of the orthogonal

o1V
bases {b0};\, as

N
h=> a?by+he, (14)
=1

with the residual error b, where o = (b)"h. Then we have:
D [l < e )
2) The sparsity of the virtual angular-domain channel h°
obtained via the base set {b¢} Y| cannot be lower than the
sparsity of the virtual angular-domain channel h obtained
via the base set {b; }¥ .

Proof: Denote V = span({b;}}\,) as the subspace spanned
by the bases {b;}¥,. Since the GSO procedure does not change
this subspace, we also have V = span({b¢}¥ ). By projecting
h. onto the subspace ), we obtain the projected vector hL‘, eV

and the error vector h- L V with h, = hl + ht. Thus (13) can
be rewritten as

15)

N
h = (Zaibﬂrhe) +ht.

i=1
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Algorithm 1: OMP-GSO Algorithm.

Input: Dictionary D = {dy, ..., dg_1}, channels of K UE
hj, € CM*1 1 < k < K, number of iterations Niser,
1 < Niter < M.
Output: Unitary transform matrix A.
1: Initialize residuals r,(co) =h;, 1 <k<K.
2: Initialize the matrix of chosen bases B as an empty
matrix.

3. fori =1 to Nji, do

4: Find b; € D with the maximum inner product
|bHr,(f_l) }:
b, = arg max{ max der,(fl)‘} ,st.deD.
d |1<k<K
5:  Update the matrix of chosen bases as B = [B b;].

6: Update the spanned coefficients

s\ = (BEB)"'BHh;, 1 <k < K.
7:  Update residuals r,(f) =h; — Bsg), 1<k<K.
end for
9: Randomly generate matrix C' € iter) and
obtain By = [B C] such that By is a full-rank square
matrix with size M x M.
Perform the GSO procedure on the columns of By to
obtain the normalized orthogonal bases which
constitute the unitary transform matrix A.

*®

(CMX(MfN

10:

Since the GSO procedure guarantees that h L V), we have
H
Ihel? = (rl+nt)" (Bl + )

= (IRl + [ne [ = B = [[R2f. o)
The n-sparsity metrics associated with the non-orthogonal

base set {b;}, and the orthogonal base set {b2}¥ | are cal-
[Pel? IR2|?
R R[>

Since ||hS||> < ||h.||?, we have 1% > nn, and this completes
the proof. |

Inspired by Lemma 1, we start by constructing a set of
non-orthogonal but linearly independent bases using the orthog-
onal matching pursuit (OMP) algorithm. Then, we perform the
GSO procedure to obtain the unitary matrix A. The proposed
algorithm is therefore called the OMP-GSO. Specifically, we
adopt the uniformly sampled steering vectors as the dictionary
D = {dy,...,dg_1}, where @ is the dictionary size. Note that
the sampling is performed in sin ¢ rather than in the physical
angle ¢. Thus the gth vector dy, 0 < ¢ < @ — 1, is expressed as

culated as ny =1 —

and X, =1 —

respectively.

d, = |1 ej%‘l...el%rQ(M—l)}T. 17)
The detailed OMP-GSO algorithm is presented in Algorithm 1,
where the criterion adopted in step 4 of Algorithm 1 is deter-
mined empirically.

In the step of finding the basis with the maximum inner
product (line 4), we consider the residuals of all the UE, which
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— % — DFT, K=4
— B — Spatial rotation, K=4
— © — OMP-GSO, K=4
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Q15F
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Angle Spread A¢(°)
Fig. 2. Comparison of the n-sparsity performance of three methods as the

functions of angle spread A¢, given n = 0.98.

ensures that every UE’s spatial feature can be captured. Com-
pared to the spatial rotation method [28], which relies only on a
one-dimensional search space, the proposed OMP-GSO enjoys
much better performance owing to a much higher-dimensional
search space. We use an example with M = 128 and P = 20
to compare the achievable sparsity performance of the conven-
tional DFT method [21], [30], the spatial rotation method [28]
and our proposed OMP-GSO method in the two scenarios of
K =1 and K =4. We set the dictionary size to Q =8 M
and the number of iterations to Njier = M for our OMP-GSO
algorithm.

Fig. 2 depicts the n-sparsity performance of these three meth-
ods as the functions of the angle spread A¢. As with all the
other simulation results presented in this paper, the results of
Fig. 2 are obtained by averaging over a sufficiently large number
of channel realizations. In each realization, the central AoAs
of the K UE are independently generated from the uniform
distribution in the range of [0, 2]. From Fig. 2, it is seen that
the sparsity performance gain of the spatial rotation strategy
over the DFT method almost vanishes in the multi-user scenario
of K =4. This is not surprising, since the spatial rotation
method is unable to meet the requirement that different UE need
different optimal spatial rotation parameters. By contrast, the
proposed OMP-GSO algorithm attains significant performance
gain in terms of achieved sparsity over the other two methods,
particularly when the angle spread is large. This demonstrates
that the proposed scheme is capable of capturing the channel’s
spatial feature much more effectively.

The computational complexity of Algorithm 1 comprises the
following two parts.

1) OMP: According to [35], the complexity of the OMP
is on the order of O(2Njte:MQ + 3N3, M) for the
sparse reconstruction of a single vector. In Algorithm 1,
OMP operations are applied to all the K UEs. Further
considering that Nio, < M < @, the computational
complexity involved in the OMP is on the order of
O(NiterMQK)'
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—¥— OMP-GSO, K=1
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10°
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Fig. 3. Performance of the OMP-GSO algorithm as a function of Njter.

A¢ = 8° and the other parameters are the same as in Fig. 2.

2) GSO: The complexity of the GSO procedure for M-
dimensional space is O(M?).

Thus the computational complexity of the proposed OMP-
GSO algorithm is O(M? + Nite: MQK). As a comparison,
the CCM-based methods require O(M?) complexity for SVD,
which is on the same order of our proposed scheme. On the other
hand, the spatial rotation strategy [28] involves O(M?) com-
plexity by performing a one-dimensional search on the rotation
parameter. However, acquiring the CCM is challenging in FDD
massive MIMO systems, while the performance of the spatial
rotation strategy degrades significantly in multi-user scenarios
with randomly located UEs, as demonstrated in Fig. 2, since
it is difficult to find a common rotation parameter. Noting that
the number of antennas M and the number of UE K are fixed,
the complexity of Algorithm 1 is controlled by the number of
iterations Nt and the dictionary size ). By adjusting V¢, and
@, different tradeoffs between performance and complexity can
be achieved for our proposed method.

Fig. 3 shows the performance of Algorithm 1 as a function of
Nier for three cases of K. Itis seen that the algorithm converges
to the sparsity level of N,, ~ 8 with Nji, ~ 10 iterations for
the single-UE case, and it converges to IV,, = 9 with Njier = 40
iterations for the case of K = 4, while the algorithm converges
to N,, =~ 16 with Nj¢e, =~ 70 iterations for the case of K = 32.
Empirically, it seems that the number of iterations for Algo-
rithm 1 can be set to Nite, << M. In particular, if K times the
sparsity level is much smaller than M, setting Njie, to K times
the sparsity level is sufficient to ensure the convergence of the
algorithm.

Fig. 4 depicts the impacts of the dictionary size () on the
performance of Algorithm 1 for two cases of K. WithQ /M = 1,
the OMP-GSO degenerates to the DFT method since the dictio-
nary D becomes exactly the DFT matrix. The results of Fig. 4
show that ) /M = 8 is generally sufficient for the OMP-GSO
to converge to near optimal performance.
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Fig.4. Performance of the OMP-GSO algorithm as a function of the dictionary
size Q. A¢ = 8° and the other parameters are the same as in Fig. 2.

B. Downlink Dominant Angular Sets Estimation

In the UL training stage, all the UE simultaneously transmit
their UL pilots, and the received signal YV ¢ CM “m’" at the
BS is expressed as

K
YUL _ § h}CJLSIkJL =+ ’I’LUL,
k=1

(18)

where R/ € CM*" and s/ € C'*""" are the UL channel and
orthogonal pilot of the kth UE, respectively, and 7V is the pilot
length, while nU% € CM*™"" is the UL AWGN matrix. The
required pilot length 7V for UL training is 7Y" > K. The UL
training problem has been extensively discussed in [31]-[33],
and the LS estimate of h™ is given by

EUL

YULSULH
o _ Y (stY)

_— 19
ST ()" "
From the estimated ﬁ}gL, 1 < k < K, the unitary transform
matrix AV for the UL channels can be constructed using the
OMP-GSO algorithm, and the UL dominant angular set Q" of
thSthh UE contains the indexes of the /V largest elements of
hy = AULRUL.

We can construct the DL unitary transform matrix AP™ and
to estimate the DL dominant angular sets 2" by utilizing direc-
tional reciprocity. The unitary transform matrices and dominant
angular sets of the UL and DL channels tend to be the same
due to directional reciprocity. But simply setting AP = AVl ig
inadvisable, since the steering vectors of the UL and DL channels
have different wavelengths. We propose a calibration algorithm
to handle the effects of different UL and DL wavelengths.
Considering the UL steering vector of a ULA alj¥, (¢) for the
AoA direction ¢, its matched basis in the dictionary D is d,,.

From (5) and (17), we have (7Bt sing _ e'%q, which can be
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Algorithm 2: DL Dominant Sets Estimation.

Input: Estimates of UL channels fAL}CJL, 1<k<K,
dictionary D = {dy, ..., dg_1 }, and size of dominant
angular set V.

Output: Unitary transform matrix for DL channels AP
and DL dominant angular sets QP%, 1 <k < K.

1: Call Algorithm 1 with inputs th, 1<k<K,and D
to obtain UL unitary transform matrix AV, and
record selected non-orthogonal bases B € CM*Niter

2: Calculate virtual angular-domain UL channels
~UL
b,

= AULIALEL and obtain UL dominant angular sets
~UL
QUL by selecting N largest elements of ki,  for
1<k<K.

3: Calibrate bases b;, 1 < i < Niter, of B using (21) to
obtain calibrated bases bf, 1 <7 < Njer, and hence
calibrated matrix B¢ = [bf - -- by, |.

4:  Randomly generate matrix C of size M X (M — Niter)
and obtain Bf = [B° C such that Bf is a full-rank
square matrix of size M x M.

5:  Perform GSO procedure on columns of Bf to get
normalized orthogonal bases, which constitute AP,
and DL dominant angular sets are given by
OPL =QUL 1 <k < K.

expressed as

qr Yt 0 Q
. Qd> q
sin ¢ = oL (20)
{“8?,Q<q§Q L.

Thus the corresponding DL steering vector abl, (¢) for the
AoD direction ¢ can be obtained as agy, (¢) = d, where d
is the calibrated basis expressed as

e, g
0<qg< Q,

|:1€252Df(q Q) .

7

SH
Sy
I

2y

]27\'AUL
. ¢ DT

b

(a— Q)(Ml)]

3T <q¢<Q-1

We notice that the UL and DL steering vectors ayF, (¢) and
abl , () still correspond to the same basis index g. We propose
to estimate the DL dominant angular sets using Algorithm 2.

Remark 1: The proposed calibration algorithm focuses on
calibrating the impact of different UL and DL wavelengths on
the unitary transform matrix between the spatial-domain and
the angular-domain channels. It is different from the previous
methods [36], [37], which calibrate the CCM in FDD systems.
Moreover, the proposed calibration algorithm is fundamentally
different from the index calibration algorithms of [28], [30]. In
these two previous works, the UL and DL channels share the
same unitary transform, and only the dominant angular sets are
calibrated. Our proposed scheme calibrates the underlying bases
to better capture the sparsity features of the DL channels.
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IV. VIRTUAL ANGULAR-DOMAIN DL CHANNEL ESTIMATION

We first consider the single-user case. Then we introduce the
partial orthogonal criterion for pilot design in the multi-user
scenario, and propose two pilot assignment algorithms, which
minimize the pilot overhead and the pilot-reuse interference,
respectively.

A. Single-User Scenario

The virtual angular-domain DL channel coefficients indexed
by the DL dominant angular set captures the most power of
the channel, namely, > . oL |[i~zDL]i|2/Zf\il |[EDL]1’| >,
where 7 is close to 1. Denote QPY = {pPY ... pRL}, where
pPL is the nth element of 2P, Due to the sparsity of virtual
angular-domain channel, the size of QPLN = |QPY| <« M.
Hence the pilot overhead 7PL required to estimate the coeffi-
cients of hP" indexed by QP is very small, and the orthogonal
pilot design only requires 7P = N rather than 7P% = M. We
can design the virtual angular-domain pilot signal ® € CMxT"
as
& T 71T 3
[‘P} QDL = [Sl s SN] and {‘I’:| GoL = ()(]\/[,N)XTDL7

(22)
where {s; € C*™""}N_ is the set of the length-7P" orthogonal
pilots, QPY = {1,..., M} \ QP is the complementary set of
QPL and 0y, ., is the zero matrix of size [, x [, while [®]qgor
and [®]go. indicate the sub-matrices obtained by extracting
the rows of @ indexed by QP and (P, respectively. Note
that the total training power given as [|®[> = S0, 5,8 =
N7PL grows linearly with the pilot overhead 7PL. The BS can
transmit the designed orthogonal pilots on the corresponding
angular ports. Combining the DL training model (9) and the
virtual angular-domain pilot design (22), the received signal at
the UE y can be obtained as

P \T N o
y= (hDL) din=)Y {hDLLEL

n=I

S, +n. (23)

The virtual angular-domain channel coefficients corresponding
to each pilot are then obtained using LS estimation as

H ~ H
Ysn _ |7DL _ {'VDL} ns,

— |h = |h 1<n<N. (24
Snsg [ ]p,DL pRL - TDL ’ " 4)

Note that the recent advances in FDD massive MIMO DL
channel feedback, such as [38], [39], are not applicable here
because the UE do not have the CCM. Moreover, due to the
unavailability of both the unitary transform matrix AP“ and
the dominant angular set QDL at the UE, the UE quantizes and

feeds back {ysH,n- ,

vector, to the BS with the pre-designed codebooks, such as
Grassmannian codebooks [40] or random vector quantization
(RVQ) codebooks [41]. Note that the feedback overhead is
relatively small and it increases linearly with /N, which is much
smaller than the antenna number M, due to the angular-domain
sparsity.

SoaT }, which forms a N-dimensional
SN
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Since the BS knows QPL, i

J,DL and

forms hPT with [rPL], — 0, Vi € QP". The DL channel is then

reconstructed as hPL = (APLYHRDL  Clearly, the feedback
overhead only grows linearly with N, and this is a dramatic
reduction compared to the conventional schemes that directly
quantize the DL channel hPL at the UE side [42], [43].
By neglecting feedback losses, the MSE of the estimated DL
channel APV is given by
)

Z E{ hDL hDL |2} Z |hDL

1€QPL 1eQPL

=an+ Y IR

i€QPL

wse = e {0 e { e -

(25)

where we have used 7% = N. The second term in the righthand
side of (25) is due to the approximation by discarding the
coefficients outside the DL dominant angular set. Since these
coefficients only capture a very small part of the channel power,
0.02 for n = 0.98, the proposed virtual angular-domain channel
estimation scheme achieves excellent MSE performance with a
much reduced pilot overhead and feedback overhead.

B. Multi-User Scenario

Due to the randomness of UE locations, different UE have
different AoAs at the BS, leading to different DL. dominant
angular sets Q],?L, 1 < k < K. We assume that the sizes of these
DL dominant angular sets are the same, denoted by N. Then
the DL dominant angular set of the kth UE is given as QP% =
{pPL k,...,pN L }. A straightforward design is to transmit the
orthogonal pllots on the angular ports indexed by the union
set QPL = UkK , QP known as the complete orthogonal pilot
design (COPD) [30] Slnce Q}?L is a subset of QPT, all the coef-
ficients indexed by QP can be estimated without interference.
However, the requlred pilot overhead is 7P = N, = |QPL|
which can be very large. In the worst case where all the QPT,
1 <k < K, do not intersect, a total of N, = min{K N, M}
orthogonal pilots are required.

We notice that parts of the angular ports can reuse the same
pilot to reduce pilot overhead with a slight degradation in channel
estimation performance. Specifically, we only guarantee that
the pilots transmitted on the angular ports indexed by QEL
are orthogonal. Mathematically, this ‘partial orthogonal’ pilot
design only ensures

[ @)oo ([®]gpi)! = M Ty.n, 1 <E< K. (26)

But if two indexes ¢ and j are not included in the same dom-
inant angular set QP the ith row and the jth row of ® can
reuse the same pilot. To ensure (26), it is necessary that the
number of orthogonal pilots NV, > N. Fig. 5 compares the
conventional orthogonal pilot design [10], the COPD [30] and
our partial orthogonal pilot design (POPD) using an example of
M =8 K=2,N=30PY={1,23} and QP" = {3,4,5}.
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Fig. 5. (a) Conventional orthogonal pilot design, (b) virtual angular-domain

complete orthogonal pilot design, (c) virtual angular-domain partial orthogonal
pilot design, where M =8, K =2, N =3, QPY = {1,2,3} and QDL =
{3,4,5}.

The numbers of the required orthogonal pilots are N, = M = 8,
N, = |QDL| =5 and N, = N =3 for these three designs,
respectively.

Similar to the single-user case, the kth UE only needs to es-
timate the virtual angular-domain channel coefficients [E}?L]p%

indexed by 2P, Recall the DL training model

M

Yr = (ﬁEL)T$+n: ; [};ELL {5}1 +n,1<k<K.
The LS estimate of [EEL]pE,Lk is given by @7
[,;EL} W ([JIB]pS,a)H [
@l ((Bl) w2
+ 3[R, o ([ij A + 2 (ﬁji )H (28)

J?’ép” A

It is noticed from (28) that due to pilot reuse at different angular
ports, interference is introduced when estimating the desired
coefficient. However, the interference can only come from the
angular ports indexed by QP" = {1,..., M} \ QP" that reuse
[<I>]pDL Since the coefficients [hDL] j» j € QP only account
for a very small part of the channel power, the interference
introduced by pilot-reuse is limited. By denoting the set of
angular ports that reuse the pilot [®) oL as Iy, = {jli €

Py
QPL st [‘i’]pmk = [i]j}, (28) can be rewritten as

] ]y 5 ] o )

DL W
mE j€Igm

pn,k

(29)
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By neglecting feedback losses, the MSE of the kth UE’s channel
estimate A" is upper bounded by

MSE;, <

. (30)

SRR

;- DL
1€y

2
DL + (lgll%v | Zk,nl + 1)

where 7, = Ui:[:l Ty n- The proof of this MSE upper bound is
given in the Appendix.

Remark 2: Similar to the single-user scenario, each UE only
knows the orthogonal pilot set { sn}N Thus the kth UE

can provide the LS estimates of the N, coefficients g’“ sﬁ ,
1 <n < N,. These N, coefficients are quantized and fed back
to the BS. Slnce the BS knows QEL, it can map N coefficients
of {ykSE

Clearly, the feedback overhead grows linearly with N,.

N”l to {[ﬁ L, oL, yN_,, and discards the rest of them.

C. Partial Orthogonal Pilot Design

Given the DL dominant angular sets Q}?L, 1<k<K,a
set of N, orthogonal pilots are required to satisfy the partial
orthogonal criterion. We introduce a novel graph representation
for the pilot assignment process and propose two pilot assign-
ment algorithms, called minimum overhead pilot assignment
and minimum interference pilot assignment.

The graph representation for the pilot assignment process is
constructed as follows. Define the indication function C'(3, j) of
two different angular ports i # j as

o 1, i,jeQpt
C(m)—{o iy

Clearly, if C'(i,j)=1, angular ports ¢ and j must transmit
orthogonal pilots, while if C(i,5) =0, they can reuse the
same pilot. First, we construct an initial graph containing M
vertices, where each vertex corresponds to an angular port. If
C(i,7)=1, vertices ¢ and j are connected by an edge e; ;. We
remove the vertices without any neighbors, which are indexed by
Q={1,..., M} \ QPL. Then we iteratively merge two vertices
7 and j that are not connected. The merged vertex inherits all the
neighbors of its two ‘father’ vertices and the graph is updated
after every merging operation. After all the possible vertices have
been merged, a complete graph is obtained, where all the vertices
of the graph are connected with each other. The required number
of the orthogonal pilots N, is exactly the number of vertices in
this complete graph.

Remark 3: In this graph-based pilot assignment process,
vertices denote angular ports, edges indicate the orthogonal
constraints between angular ports and vertex pair merge op-
eration represents pilot reuse. From the aforementioned graph
representation for the pilot assignment process, it is easy to see
that the number of the required orthogonal pilots IV, that satisfy
the partial orthogonal criterion is upper bounded by

N, < min{M,VEN}.

The above bound is not tight, particularly when the size of the
dominant angular set [NV is large. This is due to the following two
reasons. 1) Different dominant angular sets produce reduplicated

€19}

otherwise.

(32)
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Algorithm 3: Minimum Overhead Pilot Assignment.

Input: DL dominant angular sets QEL, 1<k<K.
Output: Angular domain pilot signal ®.
1:  Construct initial graph G with M vertices, where
vertices ¢ and j are connected with edge e; ; if
i,] € QEL for any k, and then remove the vertices
without any neighbors.
2: Initial S; = {i}, i € G, to record the vertices merging
process.
while G is not a complete graph do
Find disconnected vertex pair {7, j} in G with
maximum number of common neighbors:

{12} = arg max |V () (W ()

eij ¢ E(G),

where N (7) is the set of neighbor vertices of 7, and £(G) is
the set of edges of G.

5: Merge vertex j into ¢ and record the merging
operation as S; = S; |J S, S; = @. The merged
vertex ¢ inherits all the neighbors of its two father
vertices.

6: end while

7: Assign orthogonal pilots to the vertices of the obtained

complete graph G. Assuming that pilot s; is assigned to
vertex 7, 7 € G, then all the original vertices which are
merged into ¢ reuse pilot s;, i.e., [®]; = s;, Vj € S;.

Rl

|7iaj € g»

8:  Set other rows of ® to the zero sequence.

constraints (31) if they have intersections. Thus the number of
edges in the initial graph is actually far less than N (N — 1) K.
2) In the vertices merging operations, the edges between the
merged two vertices and their common neighbors are merged.
For example, if vertices 7 and j are to be merged and they share
the same neighbor vertex k, then the edges e; ;, and e; ; will
be merged and the number of edges in the obtain graph will
decrease by 1. Both these two reasons lead to fewer edges in the
complete graph and, consequently, the number of the required
orthogonal pilots IV, is far less than the above loose upper bound.
The exact iterative procedure depends on how one chooses vertex
pair to merge. We now discuss one such iterative procedure.

1) Minimum Overhead Pilot Assignment: We propose a pilot
assignment algorithm which minimizes the pilot overhead N,
Obviously, to minimize the pilot overhead, we need to maximize
pilot reuse. Note that the number of edges in the initial graph is
constant, and the number of edges in the final complete graph
is 1N,(N, — 1). Thus to achieve the minimum N, we need
to merge the edges as much as possible in the vertices merging
operations. We propose to choose the vertex pair that has the
maximum number of common neighbors to merge in each step.
The detailed procedure is listed in Algorithm 3.

We use an example with M =8, K =3, N =3, QPL =
{1,2,3}, QPY = {1,3,4} and QP = {1, 5, 6} to illustrate the
minimum pilot overhead assignment, Algorithm 3, in Fig. 6. It
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Fig. 8. An example of minimum interference pilot assignment, where
Fig. 6. An example of minimum overhead pilot assignment, where M =8, M =38, K =3, N =3, QPL ={1,2,3}, Q?L ={1,3,4}, and Q?L =
K=3,N=30PL={1,23}, 0P = {1,3,4} and QP = {1,5,6}. {1,5,6}, while N, = 5.
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Algorithm 4: Minimum Interference Pilot Assignment.
D.35 -
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Number of required orthogonal pilots N
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Dominant angular set size N

Fig. 7. Number of required orthogonal pilots /N, found by Algorithm 3 for
different N and K.

is noticed that in the first step, vertices 2 and 4 are merged since
they have the maximum number of common neighbors in the
current graph. This process is repeated until a complete graph
is obtained, which yields NV,, = 3 orthogonal pilots required for
this example.

Next we conduct a simulation to evaluate the number of
required orthogonal pilots N, found by performing the proposed
minimum overhead pilot assignment for different dominant an-
gular set size N and UE number K, under the simulated system
with the parameters M = 128, Q = 8 M, P = 20,d = AV /2,
AYL =0.951PL and the randomly located UE. The results
are shown in Fig. 7, where each point in Fig. 7 is obtained
by selecting the maximum value in 10* realizations. It can be
seen that given K, the number of required orthogonal pilots
N,, approximately grows linearly with N. Also NN, increases
slightly with the increase of the UE number K . For the multi-user
senario, it is worth noticing that with the proposed minimum
pilot overhead assignment algorithm, the number of required
orthogonal pilots V,, < VKN, and in particular, N, is much
smaller than the number of orthogonal pilots required by the
COPD [30].

2) Minimum Interference Pilot Assignment: In practice, the
number of available orthogonal pilots is often given, e.g., deter-
mined by the angle spread. For such systems, it is highly bene-
ficial to minimize pilot-reuse interference utilizing the available

Input: DL dominant angular sets QP%, 1 < k < K; number
of available orthogonal pilots N,,.
Output: Virtual angular-domain pilot signal .
1:  Call Algorithm 3 to perform minimum pilot overhead
assignment and to obtain complete graph G as well as
S;, 1 € G, that record the vertices merging process.
2:  while Vertex number of G is less than N, do
3: Find vertex 7 in G with maximum number of pilot
reuses, i.c.,

| = Sil.
i argr?eagx\ il

4. Split vertex 4 into two new vertices p, ¢ € S; and
distribute the elements of \S; to S, and S, equally
and non-repeatedly, which can be expressed as

S,US, =5:,8,NS, =S| — S| =0or1.

5: end while

6: Assign orthogonal pilots to vertices of G. Assuming
that pilot s; is assigned to vertex i, ¢ € G, then all
original vertices merged into vertex i reuse pilot s;,
i.e., [@L = S, VJ c SZ

7: Set other rows of @ to the zero sequence.

pilots. Thus we propose another pilot assignment algorithm to
minimize the interference for the given DL dominant angular
sets QPL, 1 < k < K, and the number of available orthogonal
pilots IV,,. Intuitively, to minimize the pilot-reuse interference,
we should best utilize the available orthogonal pilots. Specifi-
cally, we start by constructing a complete graph using the mini-
mum pilot overhead assignment algorithm. Then we iteratively
split the vertex that involves the maximum number of pilot reuses
until all the available pilots are utilized. The detailed procedure
of this minimum interference pilot assignment is presented in
Algorithm 4.

An example of the proposed minimum interference pilot
assignment using Algorithm 4 is illustrated in Fig. 8. After
firstly performing the minimum pilot overhead assignment, we
obtain S; = {1}, 5, = {2,4,6} and S5 = {3, 5} that record the
merging process. Then vertex 2 is split in the first step since it has
the maximum pilot reuses in the current graph. The vertex split
process is repeated until all the available N, pilots are utilized.
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TABLE I

THE DEFAULT PARAMETERS OF THE SIMULATED FDD
MASSIVE MIMO SYSTEM

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 5, MAY 2020

Number of BS antennas M 128
Number of UE K 8

UL carrier frequency fury, 2.0GHz
DL carrier frequency fpr, 1.9 GHz
Number of channel paths P 20
System bandwidth B 10 MHz
DL OFDM FFT size NppT 2048
Cyclic prefix length Ng 144
Angle spread A¢ 4°
Maximum UE mobility velocity v | 54 km/h
Maximum Doppler frequency fg 90 Hz
Channel coherence time 1 4.8 ms

3) Discussions: Itisimportant to decide an appropriate num-
ber of orthogonal pilots when designing a wireless system. For a
massive MIMO system, the number of antennas M at the BS is
very large. Thus the number of orthogonal pilots N, depends on
the number of UE K and the dominant angular set size /N. The
maximum number of supported UE is a given system design
parameter, and the size of dominant angular set IV is decided
by the channel angle spread. Based on the planned operating
circumstance, we can first measure the angle spread to decide
an appropriate size of the dominant angular set /N. Then we
can determine the minimum number of the required orthogonal
pilots by Monte-Carlo simulation using the minimum pilot over-
head assignment algorithm. Finally, the number of orthogonal
pilots for the system is set to be slightly larger than the minimum
required number to provide sufficient margin for safety. The
actually assignment of the orthogonal pilots to the angular ports
can be achieved with the minimum interference pilot assignment
algorithm.

V. SIMULATION STUDY

We conduct numerical simulations to evaluate the effec-
tiveness of the proposed virtual angular-domain channel esti-
mation scheme, labeled as ADCE. We consider a wideband
FDD massive MIMO system adopting orthogonal frequency
division multiplexing (OFDM), where the channel coefficients
within a coherence time-frequency block are assumed to be
the same. Moreover, the channel coefficients of each coher-
ence time-frequency block are independently generated using
the narrow-band channel model given in Section II-B. In our
simulated system, the BS is equipped with a large-scale ULA to
serve a number of randomly located UEs simultaneously, where
the AoAs of UE are independently generated from uniform
distribution in the range of [0,27]. The default parameters of
this simulated system are listed in Table I. The antenna spac-
ing is set to d = AYY /2. A coherence time of T, ~ 4.8 ms is
equivalentto L; = T. B/(Nwpr + Ny) ~ 21.4timeslots. Inthe
frequency domain, the adjacent L = Nggr/N, subcarriers are
correlated and, consequently, a coherence time-frequency block
contains J = Ly Ly ~ 304 OFDM symbols. We set Nj, = M
and Q = 8 M in the OMP-GSO algorithm. For simplicity, the
quantization effect of feedback is not considered. We define
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Nl \\X\\ —57 - Conventional LS, Np:30
107 F N *. — G- Conventional LS, N_=45 E
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Fig. 9. NMSE performance as the functions of the system’s SNR for the con-

ventional LS method and the ADCE scheme with three different combinations
of the dominant angular set size and the number of orthogonal pilots.

the system’s signal-to-noise ratio (SNR) as SNR = U% Three
metrics are used in our performance comparison, and they are:
1) The normalized MSE (NMSE) of the DL channel estima-

tion which is defined by

NN
NMSE = — -
T

2) The DL training overhead r, which is defined as the ratio
of the DL training sequence length 7°% and the coherence
block size J,i.e.,r = #

3) Per-user achievable rate, which is calculated according to

(33)

1—7

K
> log, (1+ SINRy),
k=1

where SINRy, is the signal to interference-plus-noise ratio
(SINR) of the kth UE.
Assuming that the zero-forcing (ZF) precoding is applied at
the BS, SINR}, can be obtained as

[ (hE")" puf*
Sien | (BR) " + 02
In (35), py. is the precoding vector for the kth UE which is the
kth column of the ZF precoding matrix P, calculated according
to P = h*(h"h*)"' with H = [A} " .- RPL].

1) Comparison With Conventional LS Method: Fig. 9 depicts
the NMSE performance of the conventional LS method and
our ADCE scheme as the functions of SNR. For our ADCE
scheme, the estimated UL channels are required to estimate
the DL dominant angular sets and the associated size N, We
assume that the SNR for UL channel estimation is 15 dB, which
isreasonable. For our ADCE scheme, we consider three different
combinations of (N, N,) = (10, 15), (20,30) and (30,45). The
DL angular pilot signal ® € CM*N» for the ADCE scheme is

SINR;, =

(35)
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Fig. 10. Per-user achievable rate performance of the conventional LS method

and the ADCE scheme with N, =2 N as the functions of the number of
orthogonal pilot IV, given two different system’s SNRs.

designed using the minimum interference pilot assignment al-
gorithm based on the estimated QP%, 1 < k < K, and the given
N,,. For the conventional LS method, we have the orthogonal

pilot matrix ® € CM*M For a fair comparison, we scale each
length-M pilot sequence by a factor % so that its power is
the same as a length-N), pilot sequence for the ADCE scheme.
Thus in Fig. 9, the conventional LS curve labeled by N, = 15
indicates that the power of each orthogonal pilot sequence is
scaled by % = % and so on. It can be seen from Fig. 9 that at
the low SNR region, our ADCE scheme achieves lower NMSE
since it exploits the virtual angular-domain channel sparsity and
simply sets the coefficients outside the dominant angular sets to
zeros. Owing to the same reason, the ADCE scheme exhibits a
NMSE floor as the SNR increases. As expected, for the ADCE
scheme, the NMSE is reduced with the increase of the number

of orthogonal pilots IN,,.

The DL training overhead for the conventional LS is r = 1‘74 ~
42%, while the overheads for our ADCE are r = % ~ 5%,10%

and 15%, respectively, given N, = 15, 30 and 45.

The per-user rate performance of our ADCE scheme and the
conventional LS method are compared in Fig. 10 as the functions
of the number of orthogonal pilots N, for the ADCE scheme,
where the length-A pilot sequences for the conventional LS
are scaled by % It can be seen from Fig. 10 that our ADCE
scheme attains much higher per-user rate in comparison to the
conventional LS method. For example, given N,, = 30, the per-
user rates of the ADCE scheme are 28% and 50% higher than
those of the conventional LS method for SNR = 15dB and 0 dB,
respectively. Also observe that for the ADCE scheme, as N,
increases, the achieved rate firstly increases and then reduces.
The reason is that when NV, is small, increasing N, significantly
improves the accuracy of channel estimation and thus increases
the achievable rate but for large N, pilot overhead produces
large adverse effects on the achievable rate.
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Fig. 11.  Per-user achievable rate performance of the conventional LS method
and the ADCE scheme with N, = 2N = 30 as the functions of the coherent
block size J, given two different system’s SNRs.
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Fig. 12. NMSE performance of the ADCE scheme as a function of the angle

spread A¢, given SNR = 20 dB.

Fig. 11 shows the per-user achievable rates of the conventional
LS method and our ADCE scheme with IV, = 2N = 30, for
different coherent block sizes J. As expected when J = 128,
data transmission is impossible for the conventional LS method,
and it achieves zero rate. Given SNR = 0 dB, our ADCE scheme
outperforms the conventional LS method. Given SNR = 15 dB,
our ADCE scheme also attains higher rate than the conventional
LS method for the coherent block size up to J = 600, while
for very large .J, the conventional LS method outperforms
our scheme because the effect of the training overhead to the
achievable rate becomes minor. Note that for practical systems
that supports the mobility of UE, the coherent block size is not
very large, and our scheme enjoys much better performance than
the conventional LS method.

Fig. 12 investigates the impact of the angle spread on the
NMSE performance of the ADCE scheme, given SNR = 20 dB.
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Fig. 13. NMSE performance comparison between three different unitary

transform construction methods for two different values of K, given the perfect
UL channels, and N = 30 and IV, = 45.

Again the SNR for UL channel estimation is 10 dB. Note that
A¢ has no influence on the conventional LS method because
it does not utilize any spatial property. As expected, given a
combination of (N, N, ), the NMSE increases with A¢.

2) Sparsity Enhancement Evaluation: The OMP-GSO al-
gorithm is a key contribution of our work, and it is used to
construct the unitary transform matrix for our ADCE scheme.
In Section III-A, we have already demonstrated the sparsity
enhancement performance of our OMP-GSO algorithm over the
conventional DFT method and the spatial rotation strategy [28].
Here, we further evaluate its performance gain over the other
two methods. Specifically, we use the OMP-GS, conventional
DFT and spatial rotation methods to construct the unitary trans-
form matrix for our ADCE scheme. The corresponding NMSE
performance of the three methods are compared in Fig. 13 as the
functions of the system’s SNR, where the perfect UL channels
are assumed, and N = 30 and V), = 45. It can be seen that in the
single-user case, the spatial rotation strategy attains significant
performance gain over the conventional DFT approach, and our
OMP-GSO algorithm outperforms the spatial rotation strategy
considerably. For the multi-user case, our OMP-GSO algorithm
also achieves the best performance, although the performance
differences between the three methods become small.

So far we realistically consider that all the UE are randomly
located. In some special situations, K /G UE have similar AoAs
and they can be grouped together to shared the same pilots. This
is the UE grouping strategy considered in [28] for the spatial
rotation method. For such a special senario where the UE can
be naturally divided into G' groups, we can also apply this UE
grouping strategy to our OMP-GSO algorithm. There are two
benefits of doing UE grouping if the UE are naturally grouped:
1. the UE inside the same group tend to contribute similar
bases in the OMP-GSO algorithm and thus higher sparsity is
achieved, and 2. the UE inside the same group can simply share
the same pilots without introducing pilot-reuse interference.
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Fig. 14. NMSE performance comparison between two different unitary trans-

form construction methods under different UE groupings, given K = 8. Other
system parameters are the same as in Fig. 13.

Fig. 14 compares the NMSE performance achieved by the spatial
rotation strategy and our OMP-GSO algorithm under different
UE groupings. In Fig. 14, G = 1 indicates that all the K = 8
UE have very similar AoAs and are grouped together as one
group, while G = 8 means that the K = 8 UE are randomly
located and have very different AoAs, thus forming ‘8 groups’.
As expected, the OMP-GSO algorithm outperforms the spatial
rotation method. Observe that when more UE have similar AoAs
and, therefore, can be divided into less groups, the performance
gap between the two methods become larger, indicating that
our OMP-GSO algorithm is more effective in exploiting the
beneficial efforts of UE grouping.

VI. CONCLUSION

A virtual angular-domain channel estimation scheme with
partial orthogonal pilot design for FDD massive MIMO systems
has been proposed by exploiting the virtual angular-domain
channel sparsity, which significantly reduces the training and
feedback overhead. Specifically, utilizing the directional reci-
procity of UL and DL channels, we have proposed to estimate
the DL dominant angular sets from the UL channels with a
novel OMP-GSO algorithm to construct unitary transform, and
to handle the problem of different UL and DL wavelengths with
an index calibration algorithm. Furthermore, we have introduced
the partial orthogonal criterion for virtual angular-domain pilot
design and have proposed two pilot assignment algorithms to
minimize the pilot overhead and pilot-reuse interference, respec-
tively. Simulation results have demonstrated that our proposed
scheme can provide excellent MSE performance with much
reduced training overhead and, consequently, achieves much
higher per-user achievable rate compared to the conventional LS
method. The sparsity enhancement and the performance gain of
the OMP-GSO algorithm over the conventional DFT and spatial
rotation methods have also be demonstrated extensively.
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APPENDIX

The MSE of the kth UE’s channel estimate hP™ can be
represented as

- 2 ~DL
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T, C QP we obtain the upper bound of MSE;, (30).

REFERENCES

T. L. Marzetta, “Noncooperative cellular wireless with unlimited numbers
of base station antennas,” IEEE Trans. Wireless Commun., vol. 9, no. 11,
pp- 3590-3600, Nov. 2010.

H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral
efficiency of very large multiuser MIMO systems,” IEEE Trans. Commun.,
vol. 61, no. 4, pp. 1436-1449, Apr. 2013.

L. Lu, G. Y. Li, A. L. Swindlehurst, A. Ashikhmin, and R. Zhang, “An
overview of massive MIMO: Benefits and challenges,” IEEE J. Sel. Topics
Signal Process., vol. 8, no. 5, pp. 742-758, Oct. 2014.

E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, “Massive
MIMO for next generation wireless systems,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 186-195, Feb. 2014.

F. Fernandes, A. Ashikhmin, and T. L. Marzetta, “Inter-cell interference
in noncooperative TDD large scale antenna systems,” IEEE J. Sel. Areas
Commun., vol. 31, no. 2, pp. 192-201, Feb. 2013.

M. Petermann et al., “Multi-user pre-processing in multi-antenna OFDM
TDD systems with non-reciprocal transceivers,” IEEE Trans. Commun.,
vol. 61, no. 9, pp. 3781-3793, Sep. 2013.

Z. Wang, P. Zhao, C. Qian, and S. Chen, “Location-aware channel es-
timation enhanced TDD based massive MIMO,” IEEE Access, vol. 4,
pp. 7828-7840, 2016.

X. Guo, S. Chen, J. Zhang, X. Mu and L. Hanzo, “Optimal pilot design for
pilot contamination elimination/reduction in large-scale multiple-antenna
aided OFDM systems,” IEEE Trans. Wireless Commun., vol. 15, no. 11,
pp. 7229-7243, Nov. 2016.

J. Zhang, B. Zhang, S. Chen, X. Mu, M. El-Hajjar, and L. Hanzo, “Pilot
contamination elimination for large-scale multiple antenna aided OFDM
systems,” IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 759-772,
Oct. 2014.

Y. Nam, Y. Akimoto, Y. Kim, M. Lee, K. Bhattad, and A. Ekpenyong,
“Evolution of reference signals for LTE-advanced systems,” IEEE Com-
mun. Mag., vol. 50, no. 2, pp. 132-138, Feb. 2012.

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

5177

H. Minn and N. Al-Dhahir, “Optimal training signals for MIMO OFDM
channel estimation,” IEEE Trans. Wireless Commun., vol. 5, no. 5,
pp- 1158-1168, May 2006.

J. Choi, D. J. Love, and P. Bidigare, “Downlink training techniques for
FDD massive MIMO systems: Open-loop and closed-loop training with
memory,” IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 802-814,
Oct. 2014.

A. Adhikary, J. Nam, J.-Y. Ahn, and G. Caire, “Joint spatial division
and multiplexing—The large-scale array regime,” IEEE Trans. Inf. Theory,
vol. 59, no. 10, pp. 6441-6463, Oct. 2013.

J. Fang, X. Li, H. Li, and F. Gao, “Low-rank covariance-assisted downlink
training and channel estimation for FDD massive MIMO systems,” [EEE
Trans. Wireless Commun., vol. 16, no. 3, pp. 1935-1947, Mar. 2017.

K. N. Le, “Distributions of even-degree-of-freedom generalized-Rician
fading for opportunistic-relay selection employing MRC under outdated-
CSI conditions,” IEEE Trans. Commun., vol. 67, no. 9, pp. 6441-6455,
Sep. 2019.

K. N. Le, “Opportunistic outdated relays under even-degree-of-freedom
generalized-Rician fading,” IEEE Trans. Veh. Technol., vol. 68, no. 3,
pp. 2472-2487, Mar. 2019.

K. N. Le, OFDM and OFDMA With Linear Diversity for Future Wire-
less Communications. Sharjah, United Arab Emirates: BenTham Science
Publishing, 2011.

H. Yin, D. Gesbert, M. Filippou, and Y. Liu, “A coordinated approach to
channel estimation in large-scale multiple antenna systems,” /[EEE J. Sel.
Areas Commun., vol. 31, no. 2, pp. 264-273, Feb. 2013.

X. Zhang, L. Zhong and A. Sabharwal, “Directional training for FDD
massive MIMO,” IEEE Trans. Wireless Commun., vol. 17,no. 8, pp. 5183—
5197, Aug. 2018.

X. Rao and V. K. N. Lau, “Distributed compressive CSIT estimation and
feedback for FDD multi-user massive MIMO systems,” IEEE Trans. Signal
Process., vol. 62, no. 12, pp. 3261-3271, Jun. 2014.

Z. Gao, L. Dai, Z. Wang, and S. Chen, “Spatially common sparsity based
adaptive channel estimation and feedback for FDD massive MIMO,” I[EEE
Trans. Signal Process., vol. 63, no. 23, pp. 6169-6183, Dec. 2015.

C.-C. Tseng, J.-Y. Wu, and T.-S. Lee, “Enhanced compressive downlink
CSI recovery for FDD massive MIMO systems using weighted block
l1-minimization,” IEEE Trans. Commun., vol. 64, no. 3, pp. 1055-1067,
Mar. 2016.

A.Liu, F. Zhu, and V. K. N. Lau, “Closed-loop autonomous pilot and com-
pressive CSIT feedback resource adaptation in multi-user FDD massive
MIMO systems,” IEEE Trans. Signal Process., vol. 65,no. 1, pp. 173183,
Jan. 2017.

Y. Han,J. Lee, and D.J. Love, “Compressed sensing-aided downlink chan-
nel training for FDD massive MIMO systems,” IEEE Trans. Commun.,
vol. 65, no. 7, pp. 2852-2862, Jul. 2017.

S. Imtiaz, G. S. Dahman, F. Rusek, and F. Tufvesson, “On the directional
reciprocity of uplink and downlink channels in frequency division duplex
systems,” in Proc. IEEE 25th Annu. Int. Symp. Personal, Indoor, Mobile
Radio Commun., Sep. 2014, pp. 172-176.

P. Kyosti et al., “WINNER II channel models,” IST-4-027756 WINNER
I D1.1.2 V1.2, Sep. 2007.

Technical Specification Group Radio Access Network; Spatial Channel
Model for Multiple Input Multiple Output (MIMO) Simulations. 3GPP,TR
25.996, V9.0.0, Dec. 2009.

H. Xie, F. Gao, S. Zhang, and S. Jin, “A unified transmission strat-
egy for TDD/FDD massive MIMO systems with spatial basis expan-
sion model,” IEEE Trans. Veh. Technol., vol. 66, no. 4, pp. 3170-3184,
Apr. 2017.

X. Xiong, X. Wang, X. Gao, and X. You, “Beam-domain channel esti-
mation for FDD massive MIMO systems with optimal thresholds,” JEEE
Trans. Wireless Commun., vol. 16, no. 7, pp. 4669-4682, Jul. 2017.

P. Zhao, Z. Wang, and C. Sun, “Angular domain pilot design and channel
estimation for FDD massive MIMO networks,” in Proc. IEEE Int. Conf.
Commun., May 21-25, 2017, pp. 1-6.

J. Zhang, B. Zhang, S. Chen, X. Mu, M. El-Hajjar, and L. Hanzo, “Pilot
contamination elimination for large-scale multiple antenna aided OFDM
systems,” IEEE J. Sel. Topics Signal Process., vol. 8, no. 5, pp. 759-772,
Oct. 2014.

X. Guo et al., “Optimal pilot design for pilot contamination elimina-
tion/reduction in large-scale multiple-antenna aided OFDM systems,”
IEEE Trans. Wireless Commun., vol. 15, no. 11, pp. 7229-7243,
Nov. 2016.

Z. wang, P. Zhao, C. Qian, and S. Chen, “Location-aware channel es-
timation enhanced TDD based massive MIMO,” IEEE Access, vol. 4,
pp- 7828-7840, Nov. 2016.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on May 23,2020 at 09:12:24 UTC from IEEE Xplore. Restrictions apply.



5178

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

H. Xie, F. Gao, and S. Jin, “An overview of low-rank channel estimation
for massive MIMO systems,” IEEE Access, vol. 4, pp. 7313-7321, 2016.
J. Wang, S. Kwon, and B. Shim, “Generalized orthogonal matching
pursuit,” IEEE Trans. Signal Process., vol. 60, no. 12, pp. 6202-6216,
Dec. 2012.

Y. C. Liang and F. P. S. Chin, “Downlink channel covariance matrix
(DCCM) estimation and its applications in wireless DS-CDMA systems,”
IEEE J. Sel. Areas Commun., vol. 19, no. 2, pp. 222-232, Feb. 2001.

M. Jordan, X. Gong, and G. Ascheid, “Conversion of the spatio-temporal
correlation from uplink to downlink in FDD systems,” in Proc. IEEE
Wireless Commun. Netw. Conf., Apr. 5-8, 2009, pp. 1-6.

B. Clerckx, G. Kim, and S. Kim, “MU-MIMO with channel statistics-
based codebooks in spatially correlated channels,” in Proc. IEEE Global
Telecommun. Conf., 2008, pp. 1-5.

W. Shen, L. Dai, Y. Zhang, J. Li, and Z. Wang, “On the performance of
channel-statistics-based codebook for massive MIMO channel feedback,”
IEEE Trans. Veh. Technol., vol. 66, no. 8, pp. 7553-7557, Aug. 2017.

J. Choi, D. J. Love, and T. Kim, “Trellis-extended codebooks and succes-
sive phase adjustment: A path from LTE-advanced to FDD massive MIMO
systems,” IEEE Trans. Wireless Commun., vol. 14, no. 4, pp. 2007-2016,
Apr. 2015.

J. Joung, E. Kurniawan, and S. Sun, “Channel correlation modeling and its
application to massive MIMO channel feedback reduction,” IEEE Trans.
Veh. Technol., vol. 66, no. 5, pp. 3787-3797, May 2017.

D.J.Love, R. W. Heath, and T. Strohmer, “Grassmannian beamforming for
multiple-input multiple-output wireless systems,” IEEE Trans. Inf. Theory,
vol. 49, no. 10, pp. 2735-2747, Oct. 2003.

N. Jindal, “MIMO broadcast channels with finite-rate feedback,” IEEE
Trans. Inf. Theory, vol. 52, no. 11, pp. 5045-5060, Nov. 2006.

Peiyao Zhao (Student Member, IEEE) received the
B.S. and Ph.D. degrees from Tsinghua University,
Beijing, China, in 2014 and 2019, respectively. His
research interests include massive MIMO and mil-
limeterwave communications.

Ke Ma (Student Member, IEEE) received the B.S.
(Hons.) degree in 2019 from Tsinghua University,
Beijing, China, where he is currently working to-
ward the Ph.D. degree with the Department of
Electronic Engineering. His current research inter-
ests include mmWave communication and intelligent
communication.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 5, MAY 2020

Zhaocheng Wang (Senior Member, IEEE) received
the B.S., M.S., and Ph.D. degrees from Tsinghua
University, Beijing, China, in 1991, 1993, and 1996,
respectively. From 1996 to 1997, he was a Post-
doctoral Fellow with Nanyang Technological Uni-
versity, Singapore. From 1997 to 1999, he was a
Research Engineer/Senior Engineer with OKI Techno
Centre Pte., Ltd., Singapore. From 1999 to 2009, he
was a Senior Engineer/Principal Engineer with Sony
Deutschland GmbH, Germany. Since 2009, he has
been a Professor with the Department of Electronic
Engineering, Tsinghua University, where he is currently the Director of the
Broadband Communication Key Laboratory, Beijing National Research Center
for Information Science and Technology (BNRist). He has authored or coau-
thored two books, which have been selected by the IEEE Series on Digital
and Mobile Communication and published by the Wiley-IEEE Press. He has
authored/coauthored more than 150 peer-reviewed journal papers. He holds 34
US/EU granted patents (23 of them as the first inventor). His research interests
include wireless communications, millimeter wave communications, and optical
wireless communications.

Prof. Wang is a Fellow of the Institution of Engineering and Technology. He
was the recipient of the ICC2013 Best Paper Award, OECC2015 Best Student
Paper Award, 2016 IEEE Scott Helt Memorial Award, 2016 IET Premium
Award, 2016 National Award for Science and Technology Progress (First Prize),
ICC2017 Best Paper Award, and 2018 IEEE ComSoc Asia-Pacific Outstanding
Paper Award. He is currently an Associate Editor for the IEEE TRANSACTIONS
ON COMMUNICATIONS, IEEE SYSTEMS JOURNAL, and IEEE OPEN JOURNAL OF
VEHICULAR TECHNOLOGY. He was an Associate Editor for the IEEE TRANS-
ACTIONS ON WIRELESS COMMUNICATIONS from 2011 to 2015 and for IEEE
COMMUNICATIONS LETTERS from 2013 to 2016.

Sheng Chen (Fellow, IEEE) received the B.Eng.
degree in control engineering from East China
Petroleum Institute, Dongying, China, in 1982, and
the Ph.D. degree in control engineering from the City,
University of London, London, U.K., in 1986, and the
higher doctoral degree, Doctor of Sciences (D.Sc.),
from the University of Southampton, Southampton,
U.K, in 2005.

From 1986 to 1999, he held research and academic
appointments with the Universities of Sheffield, Ed-
inburgh, and Portsmouth, U.K. Since 1999, he has
been with the School of Electronics and Computer Science, the University of
Southampton where he is currently a Professor in Intelligent Systems and Signal
Processing. He has authored or coauthored more than 650 research papers. He
has more than 14 100 Web of Science citations with h-index 53 and more than
29 400 Google Scholar citations with h-index 75. His research interests include
neural network and machine learning, wireless communications, and adaptive
signal processing.

Dr. Chen is a Fellow of the United Kingdom Royal Academy of Engineering,
a Fellow of IET, a Distinguished Adjunct Professor with King Abdulaziz
University, Jeddah, Saudi Arabia, and an original ISI highly cited researcher
in engineering (March 2004).

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on May 23,2020 at 09:12:24 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


