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Joint User Identification and Channel Estimation via Exploiting
Spatial Channel Covariance in mMTC

Hamza Djelouat ~, Markus Leinonen

Abstract—Grant-free random access is a key enabler in mas-
sive machine-type communications (mMTC) to reduce signalling
overhead and latency thereby improving the energy efficiency.
One of its main challenges lies in joint user activity identi-
fication and channel estimation (JUICE). Due to the sporadic
mMTC traffic, JUICE can be solved as a compressive sensing
(CS) problem. We address CS-based JUICE in uplink with single-
antenna transmitters and a multiantenna base station under
spatially correlated fading channels. We formulate a novel CS
problem that utilizes prior information on the second order statis-
tics of the channel of each user to improve the performance.
We propose a method based on alternating direction method of
multipliers to solve the JUICE efficiently. The simulation results
show that the proposed method significantly improves the user
identification accuracy and channel estimation performance with
lower signalling overhead as compared to the baseline schemes.

Index Terms—ADMM, channel estimation, mMTC, spatially
correlated channels, user detection.

I. INTRODUCTION

ASSIVE machine-type communications (mMTC) aim

to provide wireless connectivity to billions of low-cost
energy-constrained Internet of Things (IoT) devices [1]. IoT
and mMTC have three main features different to more classical
personal communications of mobile phones, for example. First,
transmission is sporadic, i.e., only a small and varying subset
of IoT devices is active at a given transmission instant. Second,
they have short-packet transmission dominated by uplink traf-
fic. Third, energy-efficient communication protocols are used
to ensure a long lifespan for the IoT devices. On the other
hand, one of the main challenges for mMTC is the channel
access. Since the signalling overheads are proportional to the
number of devices, grant-based random access protocols are
not able to support massive connectivity.

Grant-free multiple-access has been identified as a key
enabler for mMTC [2]. In grant-free access, the IoT devices
transmit data as per their needs without going through chan-
nel access protocols. The main advantage of grant-free access
compared to conventional random access is the reduced
signalling overhead and the improved energy-efficiency of the
IoT devices. However, the main challenge in grant-free access
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is to detect the set of active users and to estimate their chan-
nels for coherent detection, conventionally known as joint user
identification and channel estimation (JUICE).

In mMTC, the sparsity due to the sporadic user activation
motivates to formulate the JUICE as a compressed sensing
(CS) [3] problem. In particular, as the BS antennas sense
the same sparse user activity, the JUICE problem extends
to the multiple measurement vector (MMV) CS framework.
Chen et al. [4] and Liu and Yu [5] utilized approximate mes-
sage passing for JUICE and provided asymptotic analysis on
user activity detection and channel estimation performance.
Senel and Larsson [6] designed a “non-coherent” detection
scheme for very short packet transmission by jointly detecting
the active users and the transmitted information bits. A max-
imum likelihood estimation approach using the measurement
covariance matrix was considered in [7]. The vast majority of
JUICE related works assume that the communication channels
are spatially uncorrelated. Although this assumption leads to
analytically tractable solutions, it is not always the case in
practice [8].

We address the JUICE problem in mMTC under spa-
tially correlated fading channels. There are two main reasons
to consider such channel model: 1) the practical massive
multiple-input multiple-output (MIMO) channels are essen-
tially always spatially correlated [8], and 2) spatial correlation
can be very beneficial for the multi-user MIMO systems if
the devices have sufficiently different spatial correlation matri-
ces [8], [9]. In addition, as the channel spatial correlation
varies in a slower time-scale compared to the channel realiza-
tions, the channel covariance matrices for all IoT devices can
be estimated with high accuracy in practice [10]. Therefore,
the channel information inherently embedded within the spa-
tial correlation matrices can be used to enhance the JUICE
performance.

The main contributions of this letter are twofold. First, we
consider spatially correlated fading channels and formulate
a novel JUICE problem to exploit the prior information on
the second order channel statistics. Second, we propose a
computationally efficient method based on alternating direc-
tion method of multipliers (ADMM) to solve the problem.
The proposed approach is empirically shown to significantly
enhance the user activity detection accuracy and, consequently,
the channel estimation performance. Moreover, the proposed
approach achieves the same performance as baseline MMV
JUICE, yet with a smaller signalling overhead.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. mMTC Uplink Channel Model

Consider a single cell uplink communication scheme, shown
in Fig. 1, consisting of a set of N’ uniformly distributed
single-antenna users A° = {1,...,N} and a single BS
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Fig. 1. (a) mMTC uplink scenario with sporadic user activation, (b) Division
of a coherence interval Tk¢.

equipped with a uniform linear array (ULA) containing M
antennas.

We consider a block fading channel response over each
coherence period T.. We further assume that the BS is located
in an elevated position and most of the channel power lies in
a limited number of spatial directions [10]. The users usually
have a rich scattering environment around them. Therefore, the
received signal from each user ¢ € A is the superposition of
P; physical signal paths, each reaching the BS as a plane wave.
Accordingly, the channel response vector h; € C* between
the ith user and the BS is modelled as

P.
1 1
h; = i ,,; 9i.pa(tip), (1)

where g; , € C accounts for the gain of the pth propa-
gation path for the ith user. The steering vector a(1); ) €
CM s the array response of the ULA, which is given by
[@a(Yip)lm = e—I2m(m=1)Arcos(¥ip) where A, denotes the
normalized spacing between the adjacent antenna elements at
the receiver [11], and v); 5, is the angle of arrival (AoA) of the
pth path for user i. Each ; ;, follows a uniform distribution
bip ~ U — §,0; + ), where 9; € [ —m/2,7/2] repre-
sents the incident angle between the ith user and the BS, and
¢ denotes the angular spread of scatterers around the users.

The channel realizations h; in (1) are assumed to be inde-
pendent between different coherence intervals 7,.. We consider
users with low mobility and adopt the common assumption
that the channel is wide-sense stationary [10], i.e., the chan-
nel covariance matrix of user i, denoted as R; = E[hihiH] €
cMxM , varies in a slower time-scale compared to the chan-
nel realizations [12]. Accordingly, {R;}}; are assumed to
remain fixed for 7¢ coherence intervals, where 75 can be on
the order of thousands [8] and {R;}¥ ; are known to the
BS [10]. Nevertheless, in practice, the BS does not know the
exact channel covariance matrices {Ri}f\[: 1> rather, during a
training phase, the BS acquires an estimate! of the second-
order statistics of the channel, {Rz}fvz 1- Thus, for each user
i € N, the BS obtains T estimates of chanrlel response h;
from different coherence intervals, denoted as hzl», ... ,hiT . We
Qeﬁne the estirrAlatAed}i:hannel covariance for each user i as
Ri = % ZtT:I hghﬁ :

Due to the sporadic nature of mMTC, at each coherence
interval T¢, only K < N users are active. For coherent data
detection, the active users have to be detected and their chan-
nels have to be estimated. To this end, the BS assigns to each

IChannel covariance estimation in massive MIMO networks is a separate
topic and it is out of the scope of this letter; for more references, see [12].
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user 5 € N a unit-norm pilot sequence ¢, € C™. During
each T¢, K active users transmit their pilot sequences to the
BS. To mitigate the channel gain difference between the users,
a power control Eolicy is deployed such that user i transmits
with a power p? that is inversely proportional to the average
channel gain [6], [8]. Accordingly, the received pilot signal
Y € C»*M at the BS is given by

N
Y=Y i/ et + W, @)
i=1

where W € C™*M js additive white Gaussian noise with
independent and identically distributed (i.i.d) elements as
CN(0, 6%), and v; € B is a binary user activity indicator
as

1, ieS
Vi = 0, otherwise,

where S C {1,..., N}, |S| = K, is the set of active users.
We define the effective channel of user i € N as x; =

i pthi and the effective channel matrix as X =

[X1;X27'~-aXN] € (CMXN' Let & = [¢1>¢27"';¢N} €
C™*N be the pilot matrix. We can rewrite (2) as
Y=3xT+wW. 3)

B. Problem Definition

1) Standard JUICE: The columns of the effective channel
matrix X corresponding to the inactive users are zero, hence,
X T has a row-sparse structure. Therefore, joint user iden-
tification and channel estimation reduces to the detection of
the support of X T (i.e., the non-zero columns of X) as well
as estimating their coefficients. Thus, JUICE can be mod-
eled as a sparse MMV reconstruction problem. Algorithms
developed to solve MMV problems include mixed norm
minimization [13] (and the references therein), alternating
direction methods [14], and sparse Bayesian learning [15].

We formulate the JUICE as an /5 1-norm minimization
problem

1
min [ @X T~ Y[E + 511X o, )

where || - | denotes the Frobenius norm, ¢ 1-norm is defined
as || X T||271 = vazl |lx;]|2, and parameter §; introduces a
trade-off between the measurement fidelity ||®X T_ Y||% and
the sparsity level in X.

2) JUICE With Channel Covariance Information: The
problem in (4) utilizes only the sparse structure of effective
channel matrix X, and it does not exploit the information
embedded in the estimated channel covariance matrices
{R;}¥_,. On this account, we propose a novel JUICE problem
formulation that exploits both the sparsity and the covariance
information available at the BS. The key idea is that since
the channel covariance matrices vary very slowly, the sample
covariance matrix xixiH for the effective channel computed
over a single coherence time for each active user ¢ € S should
carry similar information as the estimated covariance matrix
R; that have been computed by the BS in the training phase.

Based on the above argument, we augment the optimization
problem in (4) with a regularization term that penalizes the
deviation of the sample covariance matrix x;x,”" from the
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estimated scaled covariance matrix R; = P, LR Thus, the
modified JUICE problem that exploits the prior information
on the second order channel statistics is expressed as

N
1 T
min ;|| @X © — Y[R+ 811X 2,1 + B2 3 Ixa)xix — Ry,
i=1
(&)
where the parameters (31 and (32 control the trade-off between
the emphasis on the measurement consistency term, the

sparsity-promoting term, and the covariance deviation term;
the indicator function I(-) is defined as

1600 = { §

which ensures that only the estimated active users are penal-
ized on the deviation with respect to the channel covariance.

The indicator function in (6) implies a combinatorial nature
of the problem, and is, thus, hard to handle. We relax the indi-
cator function with a smooth approximation I(x;) = [|x;||2-
This is a viable option: through the power control, the effective
channels x;, Vi € N/, have the same range so the (magnitude-
dependent) ¢2-norm does not cause bias among the estimated
active users. Moreover, it allows a closed-form solution to a
sub-problem involved in the optimization procedure, as shown
later. By the relaxation of I(x;), we rewrite (5) as

) ”Xi”? >0,

N
1 T H 5
min | X = Y% + B1lX[[2,1 +ﬁ2;|lxi‘|2“xixi —Rill& (7)

III. EFFICIENT SOLUTION VIA ADMM

In this section, we propose an efficient algorithm based on
the alternating direction method of multipliers [16] to solve the
optimization problem in (7). ADMM is a rather simple yet
efficient framework that is well suited for high-dimensional
optimization problems. For instance, Deng et al. [17] reported
that ADMM outperforms coordinate gradient descent for
sparse recovery from single measurement vector in terms of
both signal recovery quality and convergence rate.

By 1ntr0duc1ng a set of auxiliary variables Z = {Z; €
CcMxM } j—1> we write the scaled form of augmented
Lagrangian of (7) as

1 oA
LOXZ,A) = 01Xz + 518X T = YIE - ="

N
+ B2 ) IIxill2llZ; — R
1=1
where A = {A; € CM*M }i\/: 1 denotes the set of Lagrangian
multipliers and p is a positive ADMM penalty parameter.
The basic idea of ADMM is to iterate the optimization
through three steps sequentially. First, £(X, Z, A) is minimized
over the set of primal variables Z for fixed X and A. Second,
L(X,Z,A) is minimized over primal variable X for fixed Z
and A. Finally, we update the set of Lagrange multipliers A
using a gradient ascent step. Thus, the ADMM iterates as
follows [16, egs. (3.2)—(3.4)]:

p 1
M+ Sl = Zi+ AR ®)

Zy”l) = n%m {ﬁQ”XEk)HQHZi - Rz”%

H n
+ 2=~ 2+ ;Ag“”%}, VieN, )

N
1
X = min {37 ol a2 + 12X T - YR
i=1

Z(+D) |

l\D\b

(10)

N
Z [Ix; x

k (k+1)
where ag ) = (1 + 52||Zi +1)

AEFD A p("EkH)XEHI) = ZEHD)’ Ve, (b

1, &
+ AR},

—R;||2), Vi € N, and

where (k) denotes the iteration index. We present the deriva-
tions of the ADMM steps (9) and (10) in detail below.

a) Z-Update: Note that finding the optimal solution for (9)
decouples into solving N convex sub-problems in parallel.
Thus, the unique optimal solution is obtained by setting the
derivative to zero, resulting in

260l oRs + AP + P T
285 x{ 12 + p

b) X-Update: First, note that the third term in (10) is a
fourth-order polynomial, thus, the objective function is non-
convex. One way to solve (10) is to utilize standard iterative
approaches such as the steepest descent methods. However,
this will result in an additional inner iteration loop to be per-
formed inside each ADMM iteration (k), rendering the solution
to be inefficient for large-scale problems. Therefore, instead
of solving (10) exactly, we utilize the Taylor expansion and
approximate the solution to (10). The aim of using Taylor
expansion is threefold. First, to linearize the quadratic term and
the non-convex term. Second, to decompose the optimization
problem into N separate sub-problems. Moreover, each of
these N sub-problems admits a closed-form solution.

The quadratic term in (10) is approximated by the first-order
Taylor expansion as

Z(+) _

S VieN. (12)

[2x T Y[E ~ 8x® — Y[+ (W X -x)a3)
where G(F) = 2(X(F)g* —Y)® T is the gradient of |®X T_
Y||1% with respect to X at point X (¥

Similarly, the non-convex term in (10) is approximated by

the first-order Taylor expansion as

[Ixx;

H k+1) , 1, 2 k) (k) H k+1) , 1, 2
ST o s I - A

+ (5 x; — xMy vi e W, (14)

where fi(k) = 4(x§k)x§k) f -

Due to the linearization, the Taylor approximation in (13)
and (14) are accurate only for X near X*). Thus, we
add a quadratic proximal regularization term %HX — Xk 1%
with parameter 7 > 0 in the objective function of (10) [18].
Subsequently, we reformulate (10) as follows

26+ | 170

N
1
XD~ min { Y oD xilla + 5G9, X - X))

1
X -x® 2L as)

N
# 2= x)

The optimization in (15) can be decomposed into N separable
sub-problems as
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k+1)

1
XE ~ 11)1(111 {agk)HXiHQ + §<g§k) + ,Ofi(k)7Xz‘ - ng)>

1
+ —lxi - =13}, vien, (16)
where g; € CM is ith row of G in (13). By adding an appro-
priate constant term and with applying some manipulations,
we can reformulate the objective function in (16) as

(k)

; k .
i xille + 5l =3, vien,  an
where cgk) = xgk) - %(ggk) + pfi(k)). The expression in (17)
admits a closed-form solution to (16), given as [19]
(k)
max {0, Hcgk)Hg - 70‘21}
KD M vie N (18)

[

IV. NUMERICAL RESULTS

Numerical results are provided to show the performance in
terms of user activity detection accuracy, channel estimation
quality, and convergence rate for the proposed method with
comparison to different MMV reconstruction algorithms.

A. Simulation Setup

The BS employs a ULA with M = 20 antennas. A total
of N = 200 users are randomly distributed in a cell with
the radius of 100 m. We set the channel angular spread to
¢ = 5° and we fix the number of propagation channel paths
between the ith user and the BS to P; = 200, Vi € N. At
each coherence interval 7., a fixed number of K = 10 users
are active. Each user ¢ € N is assigned with a unique nor-
malized quadratic phase shift keying (QPSK) sequence ¢,.
The QPSK pilot symbols are drawn from an i.i.d. complex
Bernoulli distribution. In addition, the BS uses T' = 100
channel realizations in the training phase to estimate {Rz}f\;l

The performance of the proposed method is compared to
the following algorithms that solve the sparse MMV problem
in (4): 1) fast alternating direction methods (F-ADM) [14],
2) SPARROW (based on {5 1-norm minimization) [13], and
3) a least square (LS) estimator that is provided the “oracle”
knowledge on the true set of active users, i.e., set S.

The recovery performance is quantified in terms of normal-
ized mean square error (NMSE) and successful support recov-
ery (SR) rate. Let Xg and X denote the original and esti-
mated channel matrix, respectively, restricted to the true active

2
support S. Accordingly, NMSE is defined as W

]
We present NMSE as normalized average square error (NKSE)
computed via Monte-Carlo averaging on 103 realizations over
the randomness of channel X, pilot sequence ®, and noise W.

The SR rate is defined as %, where S = {i|lxill2 >

6,Vi € N} denotes the detected support for a pre-defined
threshold parameter §. Thus, [SNS| denotes the number of cor-
rectly identified active users, whereas |S—&| accounts both for
the number of misdetected active users and falsely identified
inactive users.

The recovery performance of the algorithms depends on
their hyper-parameters. For all algorithms, the sparsity of the
solution is controlled by 31 which is usually selected via a
trial and error approach. In our simulations, we set (3; based
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SR Rate

2
F-ADM [14] 7, = 20
| | | | | —4—SPARROW [13] 7, = 20
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SNR [dB]

Fig. 2. User activity detection performance in terms of SR rate vs. the SNR.

on the noise variance o2 as 31 = \/% since it provided the
most robust convergence for the SNR range [0 — 20] dB. The
proposed approach depends also on (2, which controls the
emphasis on the covariance deviation term. We used empiri-
cal tuning and found a robust choice for 2 to be 25% of the
average norm of the effective channels.

B. Results

The performance of the different algorithms in terms of
the SR rate against SNR is shown in Fig. 2. The results
show that for pilot sequence length 7, = 20, the proposed
method indisputably provides the highest SR rate amongst
all the considered algorithms. The proposed method identi-
fies the set of true active users S perfectly for SNR > 10 dB.
Furthermore, reducing the pilot length by a factor of 25 %
(i.e., 7p = 15) affects the performance of the proposed method
only moderately. Hence, the significant reduction in signalling
overhead clearly outweighs the minor performance degrada-
tion. More interestingly, the results indicate that even with
40% reduction in the pilot sequence length (i.e., 7p = 12), the
proposed approach outperforms both ADM and SPARROW
that use 7, = 20. The obtained results imply that utilizing
the prior channel covariance information is highly beneficial
in the identification of the true set of active users.

Now, we focus on the performance of channel estimation.
Fig. 3 compares the NASE performance for the different algo-
rithms. It can be seen that for the pilot sequence length of
Tp = 20, the proposed method provides the best performance.
The proposed method achieves the same performance as the
oracle LS with 4 dB lower SNR. Furthermore, Fig. 3 illustrates
one advantageous feature of utilizing prior channel statistics
information: for SNR < 16 dB, the proposed method with
Tp = 15 achieves the same performance as oracle LS that uses
a pilot length of 7, = 20. Moreover, even when using pilot
sequence length of 7, = 12, the proposed method achieves
better performance compared to ADM and SPARROW.

The results in Figs. 2 and 3 show that the performance
of the proposed approach depends heavily on the length of
the pilot sequence. Although user activity detection achieves
near-optimal performance at 7, = 1.5K, channel estimation
accuracy keeps significantly improving with the increase of
Tp. Nevertheless, increasing 7, will come at the cost of large
signalling overhead. Therefore, a trade-off has to be made
between recovery performance and signalling overhead in the
design of the optimal pilot sequence length.

Fig. 4 shows the typical convergence behavior of the
proposed algorithm at SNR = 20 dB. The results reveal
that for 7, = 20, both the proposed algorithm and F-ADM
require approximately 20 iterations to convergence. However,
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Fig. 3. Channel estimation performance in terms of NMSE vs. the SNR.

F-ADM [14] 7, = 20
—@— Proposed 7, = 12
—P— Proposed 7, = 15
—— Proposed 7, = 20
0 5 10 15 2 25 30 35 40 45 50
number of iterations

Fig. 4. NASE vs. the number of iterations at SNR = 20 dB.
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Fig. 5. User activity detection performance vs. the number of BS antennas.

the performance of the proposed approach is significantly
better in terms of NASE. Furthermore, reducing the pilot
length results in a slower convergence rate: for instance, for
Tp = 15, the proposed approach requires up to 50 iterations to
converge.

Fig. 5 shows the active user detection performance as a
function of SNR for different numbers of BS antennas M.
The results show that increasing the number of antennas from
M = g to M = K provides more gains than the increase
from M = K to M = 3K; this means that the relative
improvement in user activity detection gradually decreases as
M increases. This result indicates that in the massive MIMO
regime (M > K), the increase in the pilot length provides
more significant gains than the increase in the number of
antennas M.

V. CONCLUSION

This letter addressed the JUICE problem in a spatially cor-
related fading channel for mMTC. We developed a novel
JUICE problem formulation that exploits prior information

about second order channel statistics. An ADMM-based algo-
rithm was derived to provide computationally efficient solu-
tion. The numerical results show significant improvement in
the user activity detection accuracy and channel estimation
performance obtained by the proposed method.
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