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Abstract—For the coordinated multipoint (CoMP) transmis-
sion in Long-Term Evolution (LTE) systems, its performance
is greatly impacted by the estimation of timing offsets (TOs)
between cell-edge user equipment (UE) and transmit points,
which is supposed to be dealt with by using the random access
(RA) procedure. Available RA schemes for the CoMP transmis-
sion offer poor RA performance in terms of multiuser detection,
TO estimation, power estimation, and access delays. To improve
the RA performance and fully exploit the CoMP structure, in
this paper, we propose a novel centralized parallel RA (CP-RA)
scheme, which performs in threefold. First, a novel RA subchannel
allocation scheme is proposed to suppress mutual interference
between coordinated users and noncoordinated users. Second, an
iterative parallel interference cancelation (IPIC)-based multiuser
detection and estimation algorithm is proposed on the basis of the
space-alternating generalized expectation-maximization (SAGE)
algorithm. Finally, the coordinated diversity of the system struc-
ture could be exploited to implement centralized multiuser detec-
tion. Analyses and simulation results show that the proposed RA
scheme is able to provide satisfied RA performance compared with
existing schemes.

Index Terms—Centralized parallel random access (CP-RA),
coordinated diversity, coordinated multipoint (CoMP), frequency-
division multiplexed subchannels, iterative parallel interference
cancelation (IPIC), Long-Term Evolution (LTE).

I. INTRODUCTION

N Long Term-Evolution (LTE) systems, coordinated mul-

tipoint (CoMP) transmission has been recognized as a
spectrally efficient technique, with which the geographically
distributed transmission points (TPs), particularly E-UTRAN
Nodes B (eNodeBs), coordinate to mitigate intercell interfer-
ence and enhance the transmission of cell-edge user equipment
(UE). However, there are many obstacles before it can be
put into practical use, and the key one is the estimation of
timing offsets (TOs) between coordinated UEs (CoUEs) and
distributed TPs [1], [2].

Several research studies have been done for the CoMP trans-
mission with the presence of TOs in [3]-[5], in which implicit
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assumptions are made that distributed TPs could accurately es-
timate TOs and that the central unit (CU) has exact knowledge
about TOs. A TO compensation scheme is proposed in [3] to
replace the conventional timing advance technique to lower
the requirement for the length of the cyclic prefix (CP), and
two CoMP transmission schemes are proposed to cope with
TOs in [4] and [5]. They show that the CoMP transmission
could be carried out without performance degradation once the
knowledge about TOs is exactly known to the CU. In [6], a
TO estimation scheme is performed to alternatively estimate
TOs at the UE side for dynamic TP selection. However, it also
requires perfect initial TO information and cannot be applied
to other CoMP scenarios, e.g., joint processing/transmission or
coordinated scheduling/beamforming.

To obtain the knowledge about the TO and power from a
UE to its serving eNodeB, in LTE systems, a random access
(RA) procedure is utilized for a UE when it: 1) starts an initial
access for network entry; 2) goes through a handover process;
3) periodically adjusts the TO information; and 4) re-
quests bandwidth. Moreover, the conventional correlation-
based multiuser detection algorithm is utilized to complete the
RA procedure [7]-[10]. While for the CoMP transmission, each
UE has to complete several RA procedures with all distributed
TPs for the CU to obtain the knowledge about TOs and power.
By doing so, the TO compensation [3] and the CoMP transmis-
sion schemes [4], [5] could be implemented. It is also worth
noting that the initial power estimation can be utilized for the
TP clustering scheme for further CoMP transmission [11].

Two RA schemes have been proposed for the coordinated
transmission [12], [13] on the basis of the aforementioned
conventional correlation algorithm. In [12], a distributed serial
RA (DS-RA) scheme is utilized for the coordinated carrier
aggregation technique, and only one RA procedure is ongoing
at any time. This scheme successively accomplishes uplink
synchronization of one CoUE with all distributed TPs but at the
cost of large access delays, reducing system efficiency. In [13],
a distributed parallel RA (DP-RA) scheme is proposed for the
coordinated relay network, and one UE initiates the RA proce-
dures with all distributed TPs simultaneously. However, as one
CoUE may not establish uplink synchronization with all distrib-
uted TPs during one RA procedure, more RA procedures are
required for the rest of unsynchronized TPs, thus introducing
access delays also. Furthermore, both the DS-RA and DP-RA
schemes suffer three problems. The first problem is that the CU
is unable to identify both CoUEs and noncoordinated UEs (non-
CoUEs) with mutual interference between them. The second
problem is that the conventional correlation-based algorithm
offers poor multiuser detection and estimation performance
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due to the existence of interference, which results because
of the multiple-access interference (MAI) and near—far effect
(NFE) among UEs. The last problem is that the coordinated
network structure has not been fully exploited to provide certain
diversity gain for multiuser detection.

In this paper, aiming at improving the RA performance in
terms of multiuser detection, TO estimation, power estima-
tion, and access delays, we propose a centralized parallel RA
(CP-RA) scheme for the CoMP transmission as follows.

* First, to facilitate the CU to distinguish CoUEs from
non-CoUEs and to suppress mutual interference between
them, the signals of CoUEs and non-CoUEs are allocated
to different frequency-division multiplexed RA subchan-
nels, whereas in each RA subchannel, the signals of non-
CoUEs or CoUE:s are still code-division multiplexed.

* Second, aiming at improving the distributed detection
and estimation performance in each RA subchannel,
a low-complexity iterative parallel interference cance-
lation (IPIC) algorithm is proposed according to the
space-alternating generalized expectation—maximization
(SAGE) algorithm [14], which is improved to be applied
into this semiblind multiuser detection and estimation
scenario.

* Finally, benefitting from the proposed RA subchannel,
CoUEs could be easily identified, and their distributed
detection metrics could be forwarded to the CU through
backhaul links for centralized multiuser detection by ex-
ploiting the coordinated diversity of the CoMP structure.

This paper is arranged as follows. Section II introduces the
background and signal model of the RA procedure briefly.
Section III proposes the RA subchannel allocation scheme,
low-complexity IPIC-based multiuser detection algorithm, and
the centralized multiuser detection. Simulation parameters
and results are shown in Section IV along with the discussion,
and the conclusion is presented in Section V.

The following notations are utilized. Matrices and vectors are
denoted by symbols in boldface and variables in italic. 17
and O,/ v stand for M x N all-one and all-zero matrices. A =
diag{a(n),n=0,1,..., N — 1} denotes an N x N diagonal
matrix, and tr{B} represents the trace of a square matrix B.
Notations ()7, (-)f, and (-)# are used for transpose, conjugate,
and Hermitian transposition, respectively. [z] is the smallest
integer that is not smaller than z, and |z ] is the largest integer
that is smaller than or equal to x.

II. SYSTEM AND SIGNAL MODEL

The system model is according to the LTE standard [15],
and a diagram of LTE uplink is shown in Fig. 1. In LTE
uplink, the physical RA channel (PRACH) is multiplexed with
both the physical uplink shared channel (PUSCH) and the
physical uplink control channel (PUCCH). As the single-carrier
frequency-division multiple-access (SC-FDMA) structure is
adopted and there are 14 SC-FDMA symbols with normal
CP length in one subframe (i.e., 1 ms) for both the PUSCH
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Fig. 1. Illustrative diagram of LTE uplink and PRACH.

and the PUCCH, each symbol consists of N subcarriers with
subcarrier spacing of A f, whereas the PRACH consists of one
SC-FDMA symbol with N = 12 subcarriers and subcarrier
spacing of Af/12, lasting for a time duration period of one
subframe. This indicates that the PRACH is not orthogonal
with the PUSCH and PUCCH, and a filter is then needed to
separate them. Therefore, signals of the PUSCH and PUCCH
are not considered in what follows. Furthermore, as this paper
concentrates on the multiuser detection issues, only a certain
PRACH slot is mainly taken into account.

In the PRACH, there are M, subcarriers corresponding to its
bandwidth, in which M continuous subcarriers are allocated to
transmit preambles for network entry with the rest of M; — M
subcarriers located at both sides as guard bands. Indexes of
allocated subcarriers are defined as {KC,,,, m = 0,..., M — 1},
which are regulated by the PRACH configuration index that
indicates both the starting subcarrier index and the slot index for
the PRACH. According to the PRACH configuration index, for
each distributed TP, the time—frequency resources allocated to
the PRACH are regulated by the CU. For parallel RA schemes,
the PRACH configuration indexes for all distributed TPs must
be allocated the same such that signals of CoUEs could be
simultaneously received by all distributed TPs. While for the
DS-RA scheme, the PRACH configuration indexes could be
allocated either the same or not.

To initiate the RA procedure, one UE that tries to access into
the network should first establish downlink synchronization
with one TP that has the strongest power strength, and this TP
acts as its serving TP. The UE obtains the downlink signal-to-
interference-plus-noise ratio (SINR) of its serving TP to other
neighboring TPs plus noise. If the SINR is large enough, the
UE decides itself a non-CoUE and initiates a corresponding
RA procedure; otherwise, it decides itself a CoUE. After this,
each UE sends a preamble that is randomly selected from a
set of discrete Fourier transform (DFT) precoded Zadoff—Chu



5202

(ZC) codes C = [Cq,. ..
is represented as

,Cy,...,Cy], and the vth preamble

C, = diag{C,(0),...,C,(m),...,Co(M —= 1)} (1)
where C,(m) is the mth element of the vth preamble. As-
suming that the PRACH is shared by K UEs (including both
CoUEs and non-CoUEs) and that the preamble C,, is ran-
domly selected by the kth UE, the preamble is then mapped
onto allocated subcarriers of the PRACH and processed by an

N-pointinverse DFT (IDFT) to form the transmission signal as

M-1

Sun(m) = == 37 Coum)
m=0

Km

NP o0<n<N-1

@)

After this, the resulting signal is added with a CP and a guard
interval (GI) to occupy a time duration period of one subframe.
The time-domain signals of all UEs then propagate through
their respective multipath channels and arrive at distributed TPs
with corresponding TOs. If there are B TPs in the coordinated
region, at the bth TP, the received RA signal, which is an overlap
of transmission signals of active UEs, is expressed as

(b

K dW+L-1
W) =3 3 b (1-d)Su 1) +u®(m)
k=1 =gt

3)
where b=1,...,B, dg;) and hg;)(l) are the TO and the Ith
channel tap of the kth UE, the channel impulse response is
assumed to have a maximum delay spread of L — 1 samples
such that h,, (1) =0forl < Oand! > L, and w® (n) accounts
for additive white Gaussian noise (AWGN) samples.

The samples of the received signal are transferred into the
frequency domain by using an N-point DFT after discarding
the CP and GI. At the bth TP, the RA signal in the frequency
domain is then extracted from allocated subcarriers as

K
YOUCn) =3 Cop (m) @ (A ) HY (1) + WO (K1)
k=1

k
“)
where ®,, (dg;)) = 727K /M)A denotes the phase shift that
results because of the TO, Hl()z) (Km) is the channel frequency
response (CFR) on the subcarrier K,,,, and W®)(IC,,) repre-
sents the AWGN in the frequency domain.
The received signal is represented in the matrix form as

T
YO = [YO (i), .., YO (), YO (K]

k

K K
=3 Co FR+ W =3, ¥ () ) HY + W)
k=1 k=1

&)

where F' is an N-point DFT matrix with dimension of M x N,
and its entry is given as

67j27r K:A’,"' n

(Elmn = Wi

,0<m<M-1,0<n<N-1

(6)
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T
W= 0y €0 0y "
0 = [hD O, DO, DL -1 ®

T
HY = [HO (o), HO () s HY (K )]
(10)

T
WO = WO K)o, WO () ., WO(Kar)]
(11

In this paper, possible collisions in the multiuser detection
stage are neglected. This is because, after the multiuser detec-
tion stage, possible collisions could be detected by a scheduled
transmission through which each UE that is corresponding to a
detected code should send its device identification on allocated
resources in the PUSCH [16]. In case a collision happens,
colliding UEs would send their device identifications on the
same resources so that the CU is unable to identify them, and
these UEs should reinitiate new RA processes.

III. PROPOSED CENTRALIZED PARALLEL RANDOM
ACCESS SCHEME FOR COORDINATED
MULTIPOINT TRANSMISSION

Here, a novel RA subchannel allocation scheme is first
proposed. After this, a low-complexity IPIC-based distributed
multiuser detection and estimation algorithm is proposed to
suppress interference, which results because of MAI and NFE
in each RA subchannel, and some issues in detail for the
proposed IPIC algorithm are also discussed. Finally, based
on the proposed subchannel allocation scheme and the IPIC
algorithm, the centralized detection is performed for CoUEs by
exploiting the coordinated diversity.

A. Problem in Conventional PRACH

Here, the problem of the correlation-based multiuser detec-
tion algorithm in the conventional PRACH is illustrated, and
impacts of the NFE and MAI are depicted.

The conventional correlation-based multiuser detection algo-
rithm is discussed in [7]-[10], in which the correlation process
is actually implemented to derive the transform-domain channel
taps because 1) ZC codes should be decoded into the transform
domain by using an M -point IDFT, 2) the cyclic shift of ZC
codes facilitates the channel estimation, and 3) an M -point
IDFT could significantly reduce the computational complexity
instead of an N-point IDFT. The correlation-based algorithm is
given in the Appendix, in which the vector of transform-domain
channel taps of a code C,,, is defined as

T
g = |g0(0),..., g0 (0),.... g0 (M ~ 1)

1 1
= Q¥ (d)HY) = —Q"Fn{)  (12)
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and Q is an M -point DFT matrix with its entry given as

e—jQW%f
e 1LO<l<M—1.

VM
(b) -

According to the estimation of g, , the activity of the current
code could be determined, and its parameters, including the TO
and power, could be estimated.

Assume that the PRACH is shared by K. CoUEs with
indexes of {vg,k=1,2,...,K.} and K,, non-CoUEs with
indexes of {uy,k=1,2,...,K,}, where K, + K.=K.
Without loss of generality, the first CoUE is considered for ex-
ample. As the correlation-based algorithm is proceeded for each
possible code by treating other active codes as interference, its
transform-domain channel taps could be estimated as

[Q]m,f = ,0<m <M~

A(b) QHCH Y©®) — gvl) +— QHCH w®)

1
+ —Q“cl Z C,, Fh{?) +

H H b
79 ct Z C, Fh{".
k=2

Interference from non-CoUEs

(14)

Interference from other CoUEs

It is obviously shown that the channel estimation of the
current CoUE is greatly impacted by signals of other CoUEs
and non-CoUEs, and the interference exists due to the following
two reasons. 1) On one hand, according to LTE standards [15],
[16], initial power control and power ramping mechanisms
are employed to compensate the path loss (PL). However, as
CoUEs are distributed over cell borders with large PLs, it is
possible that the PL of a CoUE to a distributed TP cannot be
fully compensated although the maximum transmitting power
is reached. The receiving power would be further fluctuated
by shadow fading, small-scale fading, estimation errors of PLs,
and power ramping, etc. In addition, if a parallel RA scheme
is utilized, one CoUE could only adjust its transmitting power
toward one of the distributed TPs, leaving the PLs to other
TPs not fully compensated or overcompensated. Hence, the
NFE always exists among UEs. 2) On the other hand, due
to the existence of frequency-selective channels and TOs, the
orthogonality of ZC codes is damaged, and the detection of
the current preamble is thus impacted by other active codes,
introducing great MAI among UEs, particularly when there is a
large number of UEs.

B. Proposed RA Subchannel Allocation Scheme

To suppress mutual interference between CoUEs and non-
CoUEs and facilitate the CU to identify CoUEs for centralized
detection, we divide the PRACH into frequency-division multi-
plexed RA subchannels, by which more RA opportunities (one
RA opportunity is a preamble in one PRACH) could be also
provided than the conventional PRACH. Defining the number
of subcarriers of subchannels for CoUEs and non-CoUEs as
M, and M, respectively, and the number of subcarriers for
the guard band between subchannels as M, we consider the
following guidelines: 1) M. + M,, + My = M, 2) M. and M,
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should be prime numbers to guarantee maximum numbers of
root ZC sequences, and 3) M, and M,, should be chosen as
great as possible to guarantee the length of ZC codes for TO
estimation.

Without loss of generality, we only consider the RA sub-
channel for CoUEs, and the analysis for non-CoUEs is quite
similar. Subcarrier indexes in the RA subchannel are defined as
{Tm,m =0,...,M.—1} C{Ky,m=0,...,M —1}. To
compare the RA subchannel with the conventional PRACH,
the following conditions are assumed to be consistent with
that in (5) for each CoUE, i.e., the signal propagates through
the same multipath channel, the PL is the same such that the
transmitting power is constant, and the AWGN is also the same.
The received signal in the RA subchannel is given as
b) 7 T

(o) s, Y (Ton) s T (Tatn)
1/ chkqf d<b)ﬁfff+W“”
_ M Z C,, Fh®) + W"

where C,, is a precoded ZC code designed for the RA
subchannel with its length being M.; /M /M. is the amplitude
amplification factor due to constant transmitting power and less
number of subcarriers compared with that in (5); and matrices

F, \Il(d(b)) Hik), and W are the M, x N DFT matrix, the
phase-shift matrix, the CFR, and the frequency-domain AWGN
corresponding to subcarriers {J,,m =0,..., M. — 1},
respectively.

As the number of subcarriers in the RA subchannel is M.,
an M -point IDFT is utilized to obtain the transform-domain

channel taps, which is defined as

A U ON

1 —H— =—(b)
- Q"% (d(b)) " =
MC Q v Vi

7 _ [Y<

15)

T
G0 (0,70 (M - 1)]

1 —H—
ﬁQ thf;) (16)
(&

where Q is an M_-point DFT matrix with its entry given as

[Q]m,é =

o2t

L0<m< M, —1,0< < M, — 1.
VM.

A7)

To compare with the channel estimation in (14), the received
signal in (15) is first normalized by dividing the amplitude am-
plification factor, and the transform-domain channel estimation
is then derived as

~(b) I —H= H0) _@ 1 —H=H—(b)
9., :EQ C, Y :ggj1>+,/M_MCQ C,W

/77 QHC chthgﬁ?. (18)

Interference from other CoUEs
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Note that F and W"

respectively. As both th;) and W) follow complex Gaussian

are actually a part of F and W(®),

distribution with zero mean, both g(b) and afﬁ) could be deemed

as complex Gaussian variables with mean values of ggfi) and

gq(,l), respectively, indicating that g(b) and 65}? are unbiased

estimations.
Assuming that the covariance matrices of h(b) w®,

and W are Vo = E{h(b)h(b)H} Vwe = oIy, and

Vo = o2 In,, respectlvely, the mean square errors (MSEs)
of both channel estimates could be represented as

K,
1 1 &
E{’ gg)bl) ggfi) } MUIQ/V + W ZU‘ {FHFVhS,tQ}
k=2
L S 0 [ripy
+ W Z tr { h® }
k=1
1 1 & K
2
- P P
M0W+MNEZ:2 h‘f”Lz\ﬂ\sz::1 b}
(19)
®) 1 R I
E{’gvl —ggfi) } MO'%V—FWztr{F FVhS,b,j}
€ k=2
1 1 &
2
- P 2
MW TN kZ:Q hy) 20
where
b)H1, (b
Py =t { Vo } = a0} an

When deriving (19) and (20), two facts are utilized, i.e.,

1) diagonal elements of F7F and F'' F are equal to M /N and
M. /N, respectively, and 2) Vh(b) is a diagonal matrix.

Inspection of (19) and (20) shows that the channel estimation
in the conventional PRACH suffers interference from both
CoUEs and non-CoUEs, and the utilization of the proposed
RA subchannels is able to mitigate mutual interference be-
tween CoUEs and non-CoUEs. Since the multiuser detection
and estimation performance mainly depends on the channel
estimation results, more accurate channel estimation results
could be provided by the RA subchannel, leading to better
performance. In addition, it is worth noting that the perfor-
mance of TO estimation would be impacted by the proposed
RA subchannels. The expression of TO estimation is given in
(36) in the Appendix, and it can be found that the accuracy of
TO estimation relates to the number of subcarriers. With other
conditions being the same, less number of subcarriers leads
to worse TO estimation performance, which explains why the
third guideline in designing the RA subchannels is required.
However, by mitigating interference in each RA subchannel
and utilizing an effective multiuser detection and estimation
algorithm, on the contrary, the accuracy of TO estimation could
be improved instead.
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C. Low-Complexity IPIC Algorithm for Distributed Multiuser
Detection and Estimation

Although interference between CoUEs and non-CoUEs has
been mitigated by using the proposed RA subchannels, it is
shown in (20) that interference in each subchannel still exists.
To deal with this problem, an IPIC-based multiuser detection
algorithm is proposed within the framework of the SAGE
algorithm [14], which is able to decompose a complicated
maximum-likelihood (ML) problem into several simpler prob-
lems by iteratively alternating between an E-step, calculating
the log-likelihood function of the complete data, and an M-step,
maximizing the expectation with respect to desired parameters.

Without loss of generality, the RA subchannel for CoUEs is
still taken into account, and the derivations for non-CoUEs are
similar. As the activities of preambles are blind to the TP, the
received signal model could be regarded as a linear combination
of all possible codes. According to (15), the received signal in
the RA subchannel could be modified as

v = Zc \p( b>) 7" +w" (22)

where the amplitude amplification factor in (15) has been

incorporated into H( ), and ﬁf}b) = 0p7, %1 if the vth code
is inactive. The proposed IPIC algorithm proceeds in such a
way that the detection and estimation of each possible code
are implemented and updated at a time. This leads to that the
proposed IPIC algorithm consists of iterations and stages, and
V' stages make an iteration with one possible code detected and
estimated in one stage. The estimates of parameters are updated
over iterations, and the process continues until no significant
changes are observed.

According to the terminology of the SAGE algorithm, the

received signal Y is viewed as the observed signal, and the
signal of each possible code is deemed as the complete data,
ie, ZV =C, @ (a" )ﬁib). To avoid error propagation, the
detection order of preambles should be arranged from strong
to weak. At the ith iteration, the code indexes are reordered
as {1)8), a=1,2,...,V} by rearranging the estimated power
of all possible codes in a descend order, and the reconstructed

frequency signal of the code C N0 is defined as Z(b)(z).

The IPIC is initialized by setting the 1terat10n number i =
0, and Z(Lz)lgo) = 0az,x1. The E-step and M-step of the IPIC

algorlthm are subsequently presented.
E-Step: At the ith iteration, compute

Y(b)(z) T _ ZZ(b)(z)
p=1 P

Z Z(b)(z D

B=a+1

20 4 O 23)
where
a—1
b b 5 (b)
00 =Y |20 200+ w
o B=1 B B
v ~ .
+ Y {z% Z(@)(Zl)]. (24)
Vs Ys
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Note that 17( ()( " is a disturbance term that consists of AWGN

and residual “interference added to the code C Ly at the ith

iteration, and entries of n(b)(z) are nearly complex Gaussian

distributed with zero mean [14] [18].
M-Step: Compute

Y(b)(z)

21

= argmin H

o

It is shown that the complicated ML problem can be split into
V' simpler problems by using the SAGE algorithm. The M-Step
could be solved by using the least square (LS) estimation in
(16), which is re-expressed as

1 —
@ Gl

c

(b) (i 1
QSZ@*—Q C Y(b)(z) [Z(b) +n(b)(z)}

i\ni

SH= (b b
Q"% (a9 HYD +Q"T om0
. o
(26)

Noting that the possible TO of a CoUE dq(,l;) is in the range
Of [dmin, dmax), Which corresponds to the cell radius, CoOMP
scenario, and sampling rate, the variance of the disturbance item
for the current code is estimated as

(b)(i)2 1 Nt i a2
R e s s D DI Ot A0 Bl
f=Dpaxt1

where Dyax = [(dmax + L — 1)M./N| < N¢s — 1 is defined
as the maximum delay spread of the transform-domain channel
taps corresponding to that of the time-domain channel taps
with a scaler factor M./N according to the SC-FDMA struc-
ture [19]. Since ZC codes are actually generated as cyclic-
shift versions of one root ZC sequence in the transform
domain before DFT precoding, defining by N.s the length
of cyclic shift of ZC codes, if £ > N, the current ZC code
becomes another one, indicating that only the channel estimates
with indexes £ € [0, Ns — 1] could be utilized. Therefore, ¢ €
[Dmax + 1, Nes — 1] is the region for estimating the variance
of the disturbance item. Defining D,y = |dminMc/N | as the
minimum TO of a CoUE in the transform domain, for the
current code, the detection metric and estimates of the TO and
power are then determined as

, 1 .
T®@) _ _|5®@ ‘ 28
& Ze[DHili)émax] a(lzz)(z) gv((;) ( ) (28)
Vo
, N 1 .
c?(‘?(” = arg max . ‘g( 7)(1) 4 ‘ (29)
o) M. e D] 8(&2)1) ) ()
Vo
D
50) (i A0 (@) o |2
POO =3 500 (30)

Defining by ) a predefined detection threshold, the frequency
signal of the current code could be reconstructed as

1 =C,0QGg"", it TOM >

(
) o8
)( 1fT(l;s 2 <A

(31)
=0, x1,
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where G = diag{1ixn.. O1xa,—n..} is a weighting matrix,
which is introduced to obtain channel estimates with indexes
of ¢ € [0, Ncs — 1]. Note that most power of channel taps in
the transform domain mainly concentrates in the interval ¢ €
[0, Nes — 1] according to the SC-FDMA structure [19], which
ensures the reconstruction of the frequency signal.

At the end of each iteration, the code indexes should be
reordered by rearranging the estimated power of all possible
codes in descend according to (30), and the M-Step is actually
implemented according to (26)—(31). The IPIC algorithm then
alternates between the E-Step and M-Step over iterations until
a predefined terminating condition is satisfied.

D. Remarks

1) Intuitively speaking, the IPIC should stop when there is no
significant variation observed in the log-likelihood function. To
reduce complexity, a simpler stopping criterion is to terminate
the IPIC after a predesigned number of iterations i,,x, which
should be further analyzed via simulation results. When the
IPIC terminates, the detection metric and estimates of the TO
and power of the vth code are eventually given as T, 4",
and qu ) according to the estimation results in (29) and (30) at
the last iteration, i.e., TE}’W"‘“), c?v(b)(i"‘a"), and ﬁéb)(i‘“a").

2) It is known that the initialization of the SAGE algorithm
is of great importance. However, in the PRACH, there is no
additional information to assist the IPIC into an initialization.
Therefore, the IPIC is actually initialized by reordering the
code indexes according to the estimated power of all possible
codes, which is obtained by using the conventional correlation
algorithm that is presented in the Appendix. After this, the
detection and estimation for all possible codes could be con-
sidered in an order from strong to weak, and the despreading
gain of ZC codes is properly guaranteed, along with both
the detection threshold and the SAGE algorithm, leading to
superior detection and estimation performance.

3) The predefined threshold X is designed to make a constant
false-alarm rate detection. As the disturbance term is nearly
complex Gaussian distributed, if a code is invalid, the detection
metric in (28) could be deemed as a normalized Rayleigh dis-
tributed variable. A false alarm occurs when the detection met-
ric exceeds the threshold that is given as A = Fﬁ;y(l — Pr),
where Fy, (-) is defined as the inverse cumulative distribution
function (CDF) of a normalized Rayleigh variable, and P,
is the desired false-alarm rate. This threshold could be also
applied to the conventional correlation algorithm.

4) The computational burden of the proposed IPIC algorithm
mainly comes from an initialization and multiuser detection
over iterations. The comparison of complexities of both the
IPIC and the correlation algorithm in the RA subchannel is
given in Table I and would be further analyzed by simulation
results in Section IV.

E. Centralized Detection Exploiting Coordinated Diversity

After the detection of CoUEs at distributed TPs, detection
metrics and estimated parameters are forwarded to the CU via
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TABLE I
COMPLEXITY

IPIC algorithm

Correlation algorithm

real multiplications

AV M Nes + tmax [4V M Nes + 4K M N

4V M. N,

real additions 2V Mo (Nes —

1) + tmax [2VMo(Nog — 1) + 2K M, (Nos — 1)]

2VM, (N, — 1)

backhaul links. The centralized detection metric exploiting the
coordinated diversity for the vth code is designed as

B
A= [ (32)
b=1

‘2

As previously stated, the distributed detection metric Tq(,b)
is assumed to follow normalized Rayleigh distribution such
that the centralized detection metric could be deemed as a chi-
square distribution variable with 2B degree of freedom and
variance of 1/2. In addition, since the channel fading from one
CoUE to all distributed TPs is independent, the centralized
detection metric is supposed to obtain certain diversity gain,
which is named coordinated diversity.

Another predesigned threshold ~ should be utilized for the
centralized detection to guarantee a low level of false-alarm
rate. If the vth code is invalid, a false alarm occurs when
A, > v, which is given as v = Fgl (1 — P, 2B,1/2), where
Fori(1 = Pra, 2B, 1/2) is the inverse CDF of a normalized chi-
square variable at the probability of (1 — Pp,).

IV. SIMULATION RESULTS
A. Simulation Parameters

Simulation parameters are chosen in compliance with LTE
systems [15], [16] and are presented in Table II. As the Doppler
frequency can be estimated and tracked in downlink [20], we
assume that the Doppler frequency is preadjusted and only
takes into account the residual carrier frequency offset that
is less than 2% of the subcarrier spacing. For the proposed
CP-RA scheme, according to the guidelines in designing RA
subchannels, without loss of generality, the number of sub-
carriers of the subchannel for CoUE:s is selected as 409 and
that for non-CoUEs as 419. In this case, 12 and 13 subcarriers
are placed on both sides of the PRACH as guard bands and
11 subcarriers as the guard band between RA subchannels.
The preambles for the proposed RA subchannel are gener-
ated from three root ZC sequences with the length of cyclic
shift being 22. For the DS-RA and DP-RA schemes, the con-
ventional PRACH is utilized with 839 subcarriers, and the
preambles are generated from two root ZC sequences with the
length of the cyclic shift being 22. The conventional correlation
algorithm is employed by the DS-RA and DP-RA schemes for
comparison.

A general CoMP scenario [21], [22] is utilized, as shown
in Fig. 2, where the shadow area stands for the coordinated
region, and three eNodeBs are serving as distributed TPs with
six sectors in each cell. Without loss of generality and for
simplicity, we assume that one UE is a CoUE if its TO (i.e.,
round-trip delay) exceeds dp,i, = 100 samples; corresponding
to this, the minimum distance from a CoUE to its serving TPs is

TABLE II

SIMULATION PARAMETERS
FFT size 12288
CP size 1584
Sampling rate f; 15.36 M Hz
Subcarrier spacing 1.25kH =z
Carrier frequency f. 2.3GHz
Cell radius 1.5km

Number of preambles 54

Maximum Doppler frequency 127.8Hz
Carrier frequency offset Less than 2%
Standard shadow derivation 6dB
Receiving gain G 6dB

Noise figure N 4dB
Maximum transmitting power 24dBm
Power ramping step 2dB

ITU-R M.1225 Veh-A
Less than 60km/h
—174dBm/Hz

5 per RA frame

Channel model

Vehicle speed

Noise power spectrum density Ny
Poisson arrival rate of non-CoUEs

Fig. 2. Sketch of a general CoMP scenario.

Qmin = dminc/2fs = 0.98 km, with ¢ standing for the speed of
light. The maximum distance from a CoUE to its serving TPs
iS Qmax = 2.28 km with the maximum TO being dy,ax = 233
samples. In this case, the TO range of non-CoUE:s is [0, 100]
samples and that of CoUEs is [101, 233] samples.

To realize the initial power control mechanism, we assume
that the PL is ideally obtained in downlink. The PL is ap-
plied according to the Okumura-Hata model that is given
as PL(Q) = 128.1 4+ 37.6 - log,(€2), where Q is the distance
from a UE to its serving TP with unit in kilometers. As the total
noise power is 0,% = fsNo = —102.14 dBm, we assume that
the target receiving power is the same as the noise power, i.e.,
P, = —102.14 dBm, and the transmitting power of a UE is then
adjusted as P, (Q2) = P, + PL(Q) — G — Ny. The initial power
control for the RA schemes is described as follows.
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¢ CP-RA scheme: 1) For non-CoUEs, since Q,;, is the
maximum distance from non-CoUE:s to their serving TPs,
we have P;(Qmin) = 15.63 dBm < P; ax = 24 dBm,
which means that the PLs of non-CoUEs can be com-
pletely compensated. Since the bandwidth of the RA
subchannel for non-CoUEs is 523.75 kHz, corresponding
to which the noise power is —116.81 dBm, the SNR
of non-CoUEs is 14.67 dB. 2) For CoUEs, when the
transmitting power reaches the maximum transmitting
power, to achieve the target receiving power, the maxi-
mum distance from CoUE:s to distributed TPs is obtained
as 1.64 km < Q.. indicating that, if a CoUE is too
far away from a TP, its PL cannot be fully compensated.
Corresponding to the serving TP, the minimum receiving
power of a CoUE is then obtained as —107.56 dBm.
As the bandwidth of the RA subchannel for CoUEs is
511.25 kHz, corresponding to which the noise power is
—116.91 dBm, the SNR of CoUEs resides in the range
[9.35,14.77] dB.

* DP-RA and DS-RA schemes: As the conventional
PRACH is utilized for DP-RA and DS-RA schemes,
its bandwidth is 104.875 kHz, corresponding to which
the noise power is —113.79 dBm. 1) For non-CoUEs,
their PLs could be fully compensated, and the SNR
of non-CoUEs is 11.65 dB. 2) For CoUEs, when the
transmitting power achieves the maximum, correspond-
ing to a certain TP, the minimum receiving power is
—107.56 dBm, and the SNR of CoUE:s is in the range
[6.23, 11.65] dB.

Note that the SNR of both CoUEs and non-CoUEs would
be further impacted by shadow fading, small-scale fading, and
power ramping. It is worth mentioning that, for parallel RA
schemes (i.e., CP-RA and DP-RA schemes), the transmitting
power of a CoUE is adjusted according to the minimum PL to
alleviate the NFE, which would further fluctuate the SNR range
of CoUEs.

In addition, some issues in detail need to be further discussed
for the DS-RA scheme. On one hand, since each CoUE should
establish uplink synchronization with one distributed TP at a
time, for each CoUE, an access order, which is defined as an
order of TPs that a CoUE establishes uplink synchronization
with, should be arranged according to the intensity of the PLs
from small to large. On the other hand, as stated in the signal
model, different TPs are assumed to be allocated with different
PRACH configuration indexes so that the RA signals of one
TP have no impacts on others, which partly optimizes the
performance of the DS-RA scheme.

B. Simulation Results

Case 1—Comparisons of the Proposed IPIC Algorithm With
the Conventional Correlation Algorithm in RA Subchannels:
Figs. 3—-6 show the comparison of the proposed IPIC algorithm
with the conventional correlation algorithm in terms of miss-
detection (MD), power estimation, TO estimation, and com-
plexity. To show the superiority of the IPIC algorithm and to
select a proper maximum number of iterations, we assume that
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only one serving TP is utilized for multiuser detection, that the
PL could be fully compensated, and that the retransmission and
power ramping mechanisms are not employed. Without loss of
generality, the RA subchannel for CoUE:s is utilized for both
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algorithms with the Poisson arrival rate of CoUEs ranging from
4 to 12 per RA frame.

In Fig. 3, the MD performance of both algorithms is pre-
sented. The maximum number of iterations for the IPIC algo-
rithm is set either ¢,,,x = 1, 5, or 6. It is shown that, with the
number of iterations increasing from 1 to 5, there is an obvious
increase in the MD performance, whereas no further increase
is observed when the number of iterations increases from 5 to
6. This indicates that the IPIC achieves convergence at the fifth
iteration. In addition, as expected, it is shown that the detection
performance of the IPIC is significantly better than that of the
correlation algorithm due to the reason that the proposed IPIC
algorithm significantly mitigates the interference in each RA
subchannel.

Figs. 4 and 5 show the normalized root MSE (RMSE) of
power and TO estimation of both algorithms. When the number
of iterations increases from 1 to 6, the estimation performance
of the proposed IPIC also achieves convergence at the fifth
iteration. It is shown that the normalized RMSE of power
estimation of the IPIC algorithm is approximately 1/3 that of
the correlation algorithm and that the RMSE of TO estimation
of the IPIC algorithm is also 2-9 samples less than that of the
correlation algorithm. The results indicate that the proposed
IPIC algorithm could significantly improve the performance of
power and TO estimation, facilitating the CU to perform initial
TP clustering [11] and further CoMP transmission [3]-[5].

Fig. 6 shows the comparison of complexities of both algo-
rithms. Because a real multiplication takes much more hard-
ware resources than a real addition, we present the complexity
by using the averaged number of real multiplications. For
one thing, the complexity of the conventional algorithm keeps
constant as it only performs one correlation processing for each
possible code in the code set. For another, the complexity of
the proposed IPIC is also robust to the number of CoUEs. This
is because the complexity of the IPIC algorithm mainly comes
from the correlation processing for all possible codes and is
nearly proportional to the number of iterations, whereas the
complexity for reconstructing the frequency signals of detected
codes is almost negligible. When the number of iterations is
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1, the complexity of the IPIC is approximately two times that
of the conventional algorithm. When the number of iterations is
5, the complexity of the IPIC is approximately six times that of
the conventional correlation algorithm.

By taking into account Figs. 3—6 together, in what follows,
the number of iterations for the proposed IPIC is eventually
selected as 5, which is actually a tradeoff between the perfor-
mance and complexity. Compared with the correlation algo-
rithm, with a few increase in the complexity, the proposed IPIC
algorithm is able to significantly improve the RA performance
in terms of multiuser detection and parameter estimation.

Case 2—Comparison of the Proposed RA Subchannel Allo-
cation and Centralized Detection With Conventional PRACH:
Fig. 7 shows the comparison of MD performance of both
algorithms by utilizing the proposed RA subchannel for CoUEs
and the conventional PRACH with distributed or centralized
detection. In Fig. 7, “distributed” means distributed detection at
distributed TPs and “centralized” means centralized detection at
the CU by using three detection metrics from distributed TPs.
“CD” stands for “code-division,” representing the conventional
PRACH with 839 RA subcarriers, and “FD” accounts for
“frequency-division,” representing the proposed RA subchan-
nel for CoUEs with 409 RA subcarriers. To fairly compare
the proposed RA subchannel with the conventional PRACH,
both retransmission and power ramping mechanisms are not
employed, and the PLs of CoUEs to all distributed TPs are
perfectly compensated.

Inspection of Fig. 7 leads to the following conclusions. First,
among all distributed detection schemes, the proposed IPIC
algorithm in the proposed RA subchannel achieves the best
detection performance. Second, the conventional correlation
algorithm with the proposed RA subchannel achieves better
MD performance than the conventional PRACH, which is in
accordance with our analysis, indicating that the proposed RA
subchannel is able to mitigate mutual interference between
non-CoUEs and CoUEs. Finally, by comparing all centralized
detection schemes with distributed schemes, as expected, it is
shown that the coordinated diversity employed for centralized
detection could significantly improve the MD performance.
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Note that the correlation algorithm in the conventional PRACH
with centralized detection is performed just for comparison
purpose as it is hard for the CU to distinguish code-division
multiplexed CoUEs from non-CoUEs. All of these indicate
that the proposed RA subchannel allocation and centralized
detection are of great effectiveness to improve the detection
performance for both CoUEs and non-CoUE:s.

Case 3—Comparisons of CP-RA With DP-RA and DS-
RA: Figs. 8-11 show the comparison of the proposed CP-
RA scheme with the DP-RA and DS-RA schemes in terms
of multiuser detection, power estimation, TO estimation, and
access delays. To completely compare these RA schemes, both
resubmission and power ramping mechanisms are employed for
failed CoUE:s. If a UE fails to complete the current RA process,
its transmitting power is gradually increased for the next RA
procedure unless the maximum transmitting power is achieved,
and the maximum transmitting power holds until a maximum
retry time (i.e., eight RA frames) is reached.

Figs. 8—10 show the comparison of detection and estimation
performance of three RA schemes. It is obviously observed
that the detection performance of the proposed CP-RA scheme
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the Poisson arrival rate of CoUEs being 6.

outperforms that of both DP-RA and DS-RA schemes and
that the CP-RA scheme performs better power and TO es-
timation performance than the DP-RA and DS-RA schemes.
Furthermore, two more phenomena could be observed. On one
hand, it is shown that the DS-RA scheme outperforms the DP-
RA scheme, which can be explained in twofold. 1) With a
fixed initial number of CoUEs, signals of CoUEs should be
simultaneously processed by all distributed TPs in parallel RA
schemes, whereas signals of CoUEs are separately processed
by their respective TPs in the DS-RA scheme, indicating that
the DS-RA scheme is supposed to suffer less interference than
parallel RA schemes. 2) In parallel RA schemes, as the trans-
mitting power of a CoUE is adjusted according to the minimum
PL of one TP to alleviate the NFE, the transmitting power
of a CoUE cannot reach the target receiving power for other
TPs, which also inversely impacts the detection performance
of parallel RA schemes. On the other hand, noting that the
CP-RA scheme relates to the centralized IPIC-based detec-
tion and that the DP-RA scheme relates to the distributed
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correlation-based detection in the conventional PRACH in
Fig. 7, it can be observed that both parallel RA schemes become
worse compared with that in Fig. 7 because 1) the PLs of
CoUEs may not be fully compensated in parallel RA schemes
as previously stated, and 2) the employment of resubmission
results in accumulation of failed CoUEs for further RA frames,
leading to larger MAI than that in Fig. 7. The previous analyses
indicate that the performance of parallel RA schemes strongly
depends on the effectiveness of the multiuser detection and
estimation algorithm. Benefiting from the proposed IPIC algo-
rithm, the proposed CP-RA scheme is able to significantly im-
prove the RA performance compared with the DP-RA scheme.

Fig. 11 shows the number of RA frames that is required
for a successful RA procedure. It is shown that the CP-RA
scheme requires one RA frame to complete the RA procedure
at the probability of 0.99, whereas the DP-RA scheme at the
probability of 0.57, meaning that the CP-RA scheme could
provide better RA efficiency than the DP-RA scheme. On the
other hand, as the DS-RA scheme necessitates at least three
RA frames to complete the RA procedure, it offers the worst
RA efficiency. By taking into account the simulation results in
Figs. 8-11 together, we can come to a final conclusion that the
proposed CP-RA scheme is able to provide significantly better
RA performance and efficiency than the available DP-RA and
DS-RA schemes for the CoMP transmission.

V. CONCLUSION

In this paper, a CP-RA scheme has been proposed for the
CoMP transmission in LTE systems. By utilizing the proposed
scheme, the CU is able to obtain the knowledge about power
and TOs from CoUEs to distributed TPs for further CoMP
transmission. Consisting of a novel RA subchannel allocation
scheme, an IPIC-based multiuser detection and estimation al-
gorithm, and a centralized detection scheme exploiting coor-
dinated diversity, the CP-RA scheme could suppress mutual
interference between CoUEs and non-CoUEs and significantly
improve the multiuser detection and estimation performance.
Analyses and simulation results show that the CP-RA scheme
is able to offer improved RA performance with a few increase
in complexity, and the extra complexity is paid off to improve
user experience and system efficiency.

APPENDIX
CONVENTIONAL CORRELATION-BASED ALGORITHM

By treating other active codes as interference, the correlation-
based algorithm is proceeded for each possible code C,, and
an M -point IDFT is utilized to obtain the LS estimation of the
transform-domain channel taps, i.e.,

D= [3000),. 500,

T
g' (M —1)

1
= MQHCf Y®. (33)
As the ZC codes are actually generated as cyclic-shift ver-
sions of one root ZC sequence in the transform domain before
DFT precoding, defining the length of cyclic shift of ZC codes
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as N, if £ > N, the current ZC code becomes another one,
indicating that only the channel estimates with indexes ¢ €
[0, N¢s — 1] could be utilized. The variance of interference is
then estimated as

Nes—1

>

€=Dpax+1

1

4
_Dmax_1 (3 )

2
5% = 30|

cs

where d 4 18 the maximum TO of all active UEs, and D« =
[(dmax + L — 1)M/N] < Ncs — 1 is defined as the maximum
delay spread of the transform-domain channel taps correspond-
ing to that of the time-domain channel taps with a scaler factor
M /N according to the SC-FDMA structure [19].

For the current code, the detection metric and estimates of
the TO and power are then determined as

1
O — L PO, ‘ 35
U e 50 9 (0) (35)

N —~
d) = = - argmax — [50(0) (36)
£€[0,Dmax] Oy

~ 2

PO =[5 (V)] (37)

If Tq(,b) > A\, where ) is a predefined threshold, the current
code is active with its estimation results given in (36) and (37).
Otherwise, it is deemed inactive.
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