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ABSTRACT Massive Multiple Input Multiple Output (MIMO) has great potential to improve spectrum
efficiency in the fifth generation (5G) wireless communication systems. However, the efficiency was
disastrously reduced by the heavy burden of overhead for device detection and channel estimation of the
large amount of small data packets in the uplink channel. In the paper, we proposed a novel transmission
scheme by superposing the training symbols for active device detection and channel estimation on the data
symbols in the uplink transmission to improve the efficiency. More specifically, in order to mitigate the cross
interference among the superposed signals, we proposed to split the transmission into the training phase and
the traffic phase. Then we superposed the training phase in the next transmission with the traffic phase in
the current transmission. Furthermore, we give the optimization of power allocation ratio between training
phase and traffic phase to obtain the optimal overall performance. The analytic and simulation results show
that, with the help of spatial isolation among devices, our proposed transmission scheme can significantly

improve the transmission efficiency compared with the existing schemes.

INDEX TERMS Many access, channel estimation, active device detection, superimposed training.

I. INTRODUCTION

The fifth generation (5G) system is expected to provide
high quality communication service. Compared with current
technologies (4G), 10 to 100 times increment of connected
devices is one of the 5G technical requirements [1]. In
5G, Multiple Input Multiple Output (MIMO) technology
is a key technology for achieving ultra-high system capac-
ity [2]. To make the full use of the spatial multiplexing gains
or array gains in MIMO, obtaining accurate channel state
information (CSI) [2]-[5] is important under massive con-
nections. Besides, in order to increase the capacity of 5G sys-
tems, a variety of non-orthogonal multiple access (NOMA)
schemes have been proposed [6]-[9]. The resource allocation
schemes of some NOMA methods (including the power
domain NOMA [6], code domain sparse code multiple access
(SCMA) [7]-[9]) also depends on accurate CSI.
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The training-based channel estimation is widely applied in
wireless communications. Massive connectivity for Internet-
of-Things (IoT) and machine-type communications (MTC)
is one of the most important characteristics of 5G communi-
cation systems. As the number of devices grows, the system
efficiency will be deteriorated because of the increasing train-
ing overhead [3], especially in the uplink channel. Though
the transmission request of small packets of each individual
device is fairly sparse, the massive connections of the system
will still result in very frequent transmission requests [10].
Since the training cost increases linearly with the number of
all potential online devices, the time-frequency resource set
aside for traffic data decreases greatly.

How to reduce the training cost has attracted significant
attention in recent years. Considering that only a small
fraction of potential devices are active in a massive device
connectivity scenario at any given time slot, joint active
device detection (ADD) and channel estimation (CE) based
on compressed sensing (CS) technology has been investi-
gated by many researchers [11]-[14]. Using CS technology,
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the length of the training sequence could be less than the
number of total online devices. Furthermore, the block sparse
structure of massive MIMO is especially well suited for
active device detection, thus the length of training symbols
can be further reduced. This block structure advantage of
MIMO has been studied in [15], [16]. Zvika Ben-Haim has
shown that block sparse methods are particularly successful
when the atoms within each block are nearly orthogonal in
paper [16]. However, this approach still requires dedicated
resources for channel estimation. To ensure the performance
of active device detection and channel estimation, the length
of training symbols should be larger than the number of active
devices. The number of active devices is large and growing
for many access system, thus the time frequency resources
reserved for training is unavoidably high and lead to low
overall efficiency of data transmission.

As an alternative method, superimposed training (ST)
scheme is proposed, where training symbols are superim-
posed with data symbols to reduce training costs [17]-[25].
No dedicated resource is necessarily reserved for training,
thus the transmission efficiency can be improved. In recent
years, a lot of works focus on study the application of ST
scheme in MIMO [22], [23], [26], [27]. The ST scheme
can outperform the traditional training-based scheme with
massive connectivity. This point has been discussed and
simulated completely in [23]-[25]. A few articles discussed
multi-user issues [18], [19], but they are limited to dozens
of devices. In [23], more devices can be supported, but the
number of supported devices is still less than the number of
antennas.

However, for many access scenario, the total number of
users N will far exceed the number of antennas M, even for
massive MIMO. In [10], the case of the number of active
devices being greater than M is studied, but the channel
information is assumed to be completely known. Massive
devices can cause tremendous mutual interference between
training symbols and data symbols. The continuous increase
of active devices may lead to the failure of traditional ST
scheme: the channel estimation error is still too huge, which
makes it difficult to eliminate the interference.

In this paper, to overcome the limitation of the traditional
ST scheme, we proposed a cross transmission superimposed
training (CTST) scheme combining active device detection
and superimposed training to accommodate more devices
creatively. In the scheme, we split the whole transmission
into 2 pipelined phases: the first phase is training phase,
and the second is traffic phase. Unlike the traditional ST
scheme, we superposed the training phase (training symbols)
of the next transmission with the data phase (data symbols)
of the current transmission to mitigate the cross interference
between the training symbols and data symbols of current
transmission. When recovering the current active device sig-
nal, we can detect the active devices for the next transmission
and estimate their CSI simultaneously.

The CSI of the current active devices has been estimated
accurately at the previous transmission. Once the data of
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active device is correctly recovered, their impact on chan-
nel estimation can be eliminated, which makes it possible
to improve the performance of active device detection and
channel estimation. This in turn improves the performance of
data recovery.

The main contributions of our work are listed as follows:

1) Proposing the cross transmission superimposed
training scheme for mitigation of the cross interfer-
ence between data and training symbols in uplink
massive connection scenario.

2) Improving the performance and transmission effi-
ciency by power allocation optimization between
data phase and training phase.

Compared with the traditional ST scheme [22]-[27],
we first perform active device detection combined with
superimposed training. The new CTST scheme can elimi-
nate interference more effectively to support massive con-
nections where N > M. Compared with the joint channel
estimation and active device detection scheme [11]-[14],
we proposed a scheme combined with superimposed training,
so that data recovery and channel estimation can be conducted
simultaneously.

The rest of our paper is organized as follows: in Section II,
we describe the system model of superimposed training
scheme for uplink many access MIMO. In Section III, the spe-
cific steps of Block Orthogonal Matching Pursuit (BOMP)
based active device detection and channel estimation are
given. Miss detection probability (MDP) of active devices,
mean square error (MSE) are analyzed. In Section IV,
we introduce the specific steps of iterative algorithm for data
recovery and channel estimation. The performance of data
recovery is analyzed. The signal to Interference plus Noise
Ratio (SINR) expression is analyzed. The optimal power allo-
cation factor to improve overall performance is also given. In
Section V, we present simulation results, which demonstrate
the effectiveness of our scheme, and verify the theoretical
analysis results. Finally, the conclusion of our paper is given
in Section VI.

Notations: In the paper, we use boldface letters to denote
matrices (upper case) and vectors (lower case). And T,
CM*N denote transpose, the set of complex-valued matrix
with dimension M x N, respectively. The operators (.)7,
() and ® are the transpose, conjugate transpose and the
Kronecker product of matrix respectively. ||A||r and ||a||2
denote the Frobenius norm of matrix A and Euclidean norm
of vector a respectively.

Il. SYSTEM MODEL
We consider uplink transmission of a single-cell massive con-
nectivity scenario in MIMO. A base station (BS), equipped
with M antennas, serves N single-antenna intelligent devices
simultaneously. The antennas at the BS, as well as the anten-
nas among devices, are sufficiently apart to yield spatially
independent channels.

Active devices are a small fraction of total number of
potential devices at any given time. The number of active
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devices in the current transmission N, and in the next
transmission N, is far less than N as shown in Fig. 1
(N < N, N, < N). However, considering the rapid growth
of the number of active devices in future 5G system, it is
reasonable assumed that N. > M, N,, > M [10].

base station with M antennas

non-active users

O active devices for current transmission IV,

/\  potential active devices for next transmission N,

FIGURE 1. System model of superimposed training for many access
MIMO system.

For any device n € [1, N], we define its active indicator of
the current transmission as below

1, if device n sends data at the current transmission
an = .
0, otherwise

This device sparse model is widely used in the joint scheme
of active device detection and channel estimation [11]-[14].

Define the indices set of active devices within the current
transmission as

I={n:a,=1}, €))]

and |I| = N,. h, € CM*1 represents the channel coefficients
from the device n to the BS, and the elements of h,, follow
independent and identically distributed (i.i.d.) complex Gaus-
sian distribution with zero mean and unit variance.

The channels are assumed to be block-fading: they remain
constant for a certain duration and then change indepen-
dently. We assume the channel response matrix Hy :=
[hi, h,, -+ hyy ] of active devices has been obtained in
the previous transmission period. H; = ﬁ; + AH;. ﬁl is
the estimation of the channel. AHj is the channel estimation
error. Using the least square method, H; and AH; can be
considered uncorrelated.

Similarly, for any given device n € [1, N] at the next
transmission, we define the active indicator b,, as below:

—_

, if device n will send training sequence
b, = at the next transmission

0, otherwise
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Define the set of active devices within the next
transmission as

"™ ={n:b, =1}, @)

and |[I™| = N,, where N, is the number of active
devices at the next transmission. The channel response matrix
Hjre := [hy, hj,, -+, hj, ] are all unknown to the BS.

We assume that each frame of transmission consists of 7'
symbols. Let x,, € C'*T denote the training symbols of
device n. Define X; = [xtTl xtT2 e xgv]T, which is all
known by BS. Specially designed sequence will be assigned
to each online device for channel estimation and active device
detection. The signal received by the BS only contains the
training sequences of the active devices. Define X;me :=
[x,j, Viel ne] as the training matrix of active devices at the
next transmission, which is used for least square method to
get the CSI of active devices.

Let sy € C4*! denote the data symbols from device i. We
view d as the maximum length of the messages for all devices
within a frame. For the users whose message lengths are less
than d, we assume their messages have been zero-padded
to d before precoding. x4 = sL,P’ e C'T stands for
the spreading data sequence. P; € C7*? is the complex
precoding matrix, which should have full column rank for
data recovery.

Additionally, we assume each column of the precoding
matrices is normalized to unit energy. ||P;,, I|% =1, where m is
the column index of P;. The precoding method isTalso adopted

: - T T T
in [10]. Define Xy = [Xdi| s Xgiys ’XdiN(-:I as the data
matrix for all current active devices.

For ease of analysis, we assume

Elxal3] =7, E|lsal] =d. 3

The training sequence and data are QPSK modulation sym-
bols, and the energy of each symbol is 1.

Traditional training based schemes are composed of two
phases: training phase and data phase. Unlike traditional
ST scheme, in a certain transmission, the training symbols
of active devices in the next transmission are transmitted
together with the data symbols of active devices in the current
transmission. Then no extra dedicated resource is required for
activity detection and channel estimation. The comparison
of different transmission superposition schemes is shown
in Fig.2.

i proposed ST scheme.
traditional training based scheme Transmitting simultancously
traditional (ST) schemd

Inactive devices
X1

devices set [ "n’,\ini]\j_‘,l

X7 X,
‘ training |/ duta\ ‘

Xur Xar

devices set J training data

current, transmission,

next transmission

superimposed phase

one transmission one transmission

FIGURE 2. Comparison between the proposed CTST scheme and the
traditional transmission schemes.
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As shown in Fig.2, active devices in the next transmission
will send their training sequence in advance, no longer wait-
ing for the end of the data phase of the current transmission.
If the traditional ST scheme is adopted, the system model and
receiving equation are similar to those in [23], from which
our proposed CTST scheme evolved. The received signal
Y € CM*T at the receiver within one frame can be written as

N N
Y = /o Zhiaixdi + V02 Zhjbjxtj +Z

i=1 j=1

N N
= mZhixdi—i-\/EZthtj—i-Z

iel jeme
= VoiH Xar + /p2HpmeXyme + Z
= JoiHiXa + /p2HpeXme + /o1 AH Xy +Z, (4)
7/

where p; is the energy of data symbols, p> is the energy of
training symbols. Z € CY*T represents the additive noise,
with i.i.d. circularly symmetric complex Gaussian distributed
random entries of zero mean and unit variance. Z' is the
sum of the additive noise and residual error due to imperfect
channel estimation.

In ST scheme, training sequence can have the same length
as the extended data sequence. In reality, 7 is usually much
larger than the number of active devices, i.e. T > N;, N,.
This ensures the performance of active device detection and
channel estimation. Also, the precoding scheme contributes
to solving data recovery with N, > M [10]. 1

As a comparison, we give a model of traditional ST scheme
with active device detection, where the training symbols are
superimposed to its own data symbols for each current active
device. The received signal of traditional superimposed trans-
mission scheme Yy, can be written as

N
Yia = Z h;a;(\/p1X4i + /02%1i) + Z

i=1

N
=Y hi(/prxai + /p2xi) + Z
iel
= /p1HiXg + /oo Hi Xy +Z
= Vo Xar + /o2 Hi Xy + /o1 AH X + 7. (5)
—_— ——
Z/

The index set of active devices I and the channel infor-
mation of the active devices H; are both unknown to the BS.
This is the combination of ST scheme given in [23] and active
device detection given in [11], [14].

The mutual interference between training sequence and
data sequence sent by active devices is the key factor affect-
ing system performance in the proposed CTST scheme.
We design an efficient iterative algorithm to continuously
mitigate the interaction contamination between signal and

1By the way, this proposed CTST scheme is easy to be extended to other
NOMA methods like SCMA or PDMA.
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training sequence. The results of data recovery and channel
estimation are updated by the iterative algorithm. After each
iteration, the channel estimation is more accurate, and more
device data are recovered correctly.

Ill. BOMP BASED ACTIVE DEVICE DETECTION AND
CHANNEL ESTIMATION

Device activity detection and channel estimation are the pre-
requisites of data recovery. In this section, Block Orthogonal
Matching Pursuit (BOMP) [15] is adopted to perform device
activity detection, Least Square (LS) method to obtain the
channel state information.”

Both the analytic results of device activity detection and
channel estimation are given in the section.

In a particular iteration, it is assumed that the data of some
active devices in the current transmission has already been
correctly recovered and subtracted. Define I, as the collection
of devices whose data have been correctly recovered. Then
the equivalent residual signal r; when doing active device
detection and channel estimation can be written as

N
r; =Y — /pi Zhixdi

iel,

N N
= /P2 Zhnbnxm + Vp1 Z hixg + 7/, (6)

n=1 i€l

z;

where I,, is the collection of devices whose data have not been
correctly recovered (I = (I, Iy]), and Z, = /p1 AH X1 +

N
NI l~1ix§i + Z is the equivalent noise for active device
i€l
detection and channel estimation. Define 6,%_ as the mean
square error of channel estimation in the current transmission
and 6% as the mean square error of channel estimation in the
next transmission. The mean value of effective noise energy
can be expressed as

E[1Z;]3] = MT+pMN.GRd + (N — k)yp1Md
~ MT + (Ne — k)piMd, N

where k is the number of active devices whose data have been
correctly recovered, |/,,| = N, — k. The proof of (7) is shown
in Appendix A in details.

2Here we use the most commonly used algorithms for channel estimation
and active device detection. When the number of antennas and devices are
large, the matrix dimension of the system is too large, so we try to use the
algorithm with low complexity.

For channel estimation, the linear minimum mean-square error
(LMMSE) [28] can also be used to obtain better performance. After
the data of most active devices is recovered correctly, data-aided (DA)
method can be used to improve the performance [23], but it also increases
the complexity. We will continue to analyze in the subsequent work.

For active device detection, CoSaMP algorithm can also be improved to
make use of block sparse structure, which may have better performance [29],
but algorithm improvement is not the focus of this paper. BP [30] and convex
programming [31] method may have better detection performance, but for
the proposed scheme, the complexity may be too high.
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Active device set can be obtained from r; with compressive
sensing method, then we can estimate their channel state
information with the least square algorithm.

Among various compressive sensing (CS) recovery algo-
rithms [30]-[34](including basis pursuit (BP) [30], Convex
programming method [31], Orthogonal Matching Pursuit
(OMP) [32], Compressive Sampling Matching Pursuit
(CoSaMP) [33] and Subspace Pursuit (SP) [34]), BOMP,
extended from OMP, is chosen for its competitive good
performance and low complexity compared with other algo-
rithms. Detailed steps of BOMP algorithm is presented in
the algorithm flow chart as shown in Fig.3. Define € as
the residual energy threshold of algorithm termination. This
threshold can be set as the energy of the equivalent noise:

e = E[|Z]3] M7+ N — kypiMa.

Input: Residual matrix ry, p1, p2, T,
training matrix X, the residual energy threshold e

|

Initiate: active devices set in the next transmission
as I"® = ¢.

l

Calculate the correlation C, between the received signal
and the training sequence of active device. C, = r. X,

l

Compute the square sum of each row in C,,
and add the index of the maximum value into the set 1™

|

Get the CSI of I™ by least square algorithm:

+
_ X, yme
Hj = 2Kl

I

Then update the residual signal r; = r; — H jne X pre.

ﬂ%

Is ||re]2 > e ?

N

B Output: Index set 1™,
H e of active devices in the next transmission.

I

FIGURE 3. Algorithm 1 BOMP algorithm for active devices detection.

A. THE PERFORMANCE OF ACTIVE DEVICE DETECTION

According to the above BOMP algorithm, the correlation
between the received signal and the training sequence of
devices is a key factor to decide whether the device is active.
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Denote the correlation coefficient between the received
signal and the training sequence of active and inactive devices
as Cep and C,1, respectively. Coo and C,1 follow a chi-square
distribution with 2M degrees of freedom.

Define e; is the average energy of each element of Z;,

£[l1Z13 _
e = % = 1+ pIN:G; 4 + (Ne = k)p1 .

Define o and p1 as the expectation of Co and C,;. They
can be expressed as

o = [72 + Ny — DT + e,T]M,
u1 = [NyT +e,TIM. (8)

Define og and 012 as the variances of C,y and C,p,
respectively.

1 2
g =4M{§[T2+(Nn—l)T+e;T” :

2
of = 4M {% [N, T +e,T]} : )

According to our assumptions 7 >> Ny, it can be confirmed
that o > @1 and og > 012.

Mo — M1

[ 2, 2
o) + i

The proof of (8), (9), (10) is shown in Appendix A in details.

When an active device is detected, its correlation must be
greater than that of all inactive devices. So the MDP can be
approximately expressed as

MDP ~ 1 — PV, (11)

Pi(Cep > Cop) = @ ~ d(M). (10)

If one inactive device has larger correlation coefficient than
any one active device, it may be mistaken as active. So the
false alarm probability (FAP) can be expressed as

FAP ~ 1 — P)". (12)

The exact values of MDP and FAP are related to the
specific algorithm. However, according to the approximate
results given in the equation above, we can draw a conclusion
that the performance of activity detection will be improved
greatly with the increment of the antenna numbers M at the
base station. With the block sparse structure advantage of
massive MIMO systems, the MDP of active device detection
will tend to zero, and its impact on the system performance is
fairly small and negligible according to [12], [13] and [35].

B. MISE: THE INTERFERENCE OF DATA ON CHANNEL
ESTIMATION
With the prior known training sequence and active devices
set I™°, the channel can be estimated with (13)
T
~ i X me
Hyne = 4" (13)
A/ P2
T H Hy—1 ; .
where X me = Xyne” (XgmeXyme' )™ is the pseudo inverse
of X,[ne .
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When all active devices are identified, the equivalent chan-
nel matrix error can be written as (14)

-~ ZXh
AH[ne = H[ne - H[ne = ——,
NI

The mean square error (MSE) can be written as (15),
the trace of matrix expressed by sign tr

(14)

MSE = tr(AHne!t AHjne)/N, /M. (15)
For LS method:
1 + IOINC(}]%% + (Nc—]]f)ﬂld
IOZ(T - N, + 1)
The proof is shown in Appendix B in details.
For any two adjacent transmissions, the number of active
devices is approximately the same. Using the same CTST
scheme, it can be assumed that the MSE of the channel

estimation of the previous stage is nearly the same as the
current stage

MSE = (16)

o ',fj. (17)

The MSE can be obtained by using (16) and (17)
1+ (Nc—;c)md
p2(T =Ny + 1) = piN§

When the data recovery frame error rate (FER) is low
enough (FER <« ﬁ)

%

MSE =~

(18)

1
MSE ~ . (19)
pZ(T_Nn + 1) - plNcT

When MSE approaches the result given by equation (19),
the additional interference energy (||MAH1neXt1ne||% =
MSEp>; N.MT) of training will be far less than the noise
energy (|Z[3 = MT). In this way, the channel estimation
error has little effect on the system performance. In order to
analyze the conditions under which MSE performance can
reach (19), we will give the performance of data recovery
below.

For traditional ST scheme, the residual signal for active
device detection and channel estimation are very similar to (6)

N N
Fia=+/P2 ) BatXty + /01 Y _hixa;+Z'.  (20)
n=1

i€l

z

Without the prior knowledge of h;, even if the data of
some devices are recovered correctly, its influence on channel
estimation cannot be eliminated completely. Under the same
conditions, the corresponding MSE 6}12[_ of this method will be
larger. The energy of equivalent noise (7) of the traditional ST
scheme is slightly larger.

Fortunately, the two schemes can be solved by similar
algorithms. For the traditional ST scheme, the set /"¢ in the
algorithm should be replaced by the set 1.
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IV. DATA RECOVERY ALGORITHM
In this section, we propose a data recovery algorithm and
analyze its performance. The specific steps of iterative
algorithm for data recovery and channel estimation are
given. The expression for Signal-to-Interference-Plus-Noise
Ratio (SINR) is given to analyze data recovery performance.
We optimize the power allocation factor to improve the over-
all performance.

The residual signal after the processing of active device
detection and channel estimation is given by

rg =Y — /oHmeXne,
= JoiH;, Xar, + /o2 AHpeXpme, + 2. (21)

z,

Define Z:l = /02AHmeXme + 7’ as the effective noise
vector for data recovery.

In the data decoding process, with the formula
vec(ABC) = (CT ® A) vec(B), we rewrite (21) as:

vee(ra) = /p1 y_ (B @ hsi + vee(Zy). (22

iely,

We define y := vec(rg), B, := (P, ® h,), z = vec(Z/,)and
B := [B,By, .- Byl S = [sT,s], ... sl 17, then we
have

y=JpiBS +z (23)

We extend the first-order statistics-based approach for data
recovery. Assume that the channels are sorted as ||h1||% >
||h2||% > - = ||y |§. In the successive interference
cancellation (SIC) scheme, the device with the larger channel
response should be recovered earlier.

We use similar method to mitigate the interference between
training symbols and data symbols, and relax the pressure of
error propagation as given in paper [10]. Error detection codes
such as cyclic redundancy check (CRC) code can be utilized
to indicate whether the decoded packets are error-free. Once
the data of an active device is recovered and confirmed error
free, its impact on other devices can be subtracted from the
total receiving matrix (6). Then the active device set I™®
for the next transmission and their channel state information
can be updated. Detailed steps of this iterative algorithm is
presented in the algorithm flow chart as shown in Fig.4.

Using SIC scheme, the pseudo-inverse of the Kronecker
product has a simplified algorithm. In order to alleviate the
recovery complexity, we recover the data of just one device
with equation below

Bl = P, ®h,) =P! @h. (24)

Since the dimension of the pseudo-inverse operation is
greatly reduced, the complexity of each iteration is greatly
reduced with a slight performance degradation. To trade off
the cost and system performance, the joint scheme can be
used when SIC scheme fails to recover data. In this way, data
recovery can finally achieve the performance of joint scheme.
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Input: Received matrix Y,p1,p2, T training matrix X,
the number of active devices N, their set I,
the channel response matrix H;.
B = [B17B2, e ,BN], S .= [5{7557' B 7517:/]
max iteration number L

T

Initiate:active devices set in the next transmission 1™ = ¢
correctly decoded set I, = ¢,r; =Y

]

BOMP algorithm for active devices set I™®

]

Update the channel response matrix
by LS algorithm: Hpe = %

P2
‘ . _Bl
Using SIC scheme, for user k € I, §; = Wi]'
If there is no device that can recover the data correctly,
s N Bl y
using joint scheme 8, = —2=.

Collection and update correctly recovered set I,.
Eliminate the interference of data on channel estimation:

=Y - /;H1 X4

|

have correctly decoded set
I, been updated?

Output: "¢, H o, §;

FIGURE 4. Algorithm 2 iterative algorithm for data recovery and channel
estimation.

In order to maximize the overall performance of our
scheme, we will study the SINR of data recovery for each
device. Then, the optimal power allocation factor can be given
according to the expression of SINR.

When the data of current active devices from 1 to k—1, have
been recovered, the data that has been correctly recovered can
be eliminated from the receiving matrix, and the equivalent
receiving matrix can be expressed as

N N
Iy = /p1hXa + 4/p1 Z hixgi + «/,OZZ Ahjx;; + z.

i=k+1 jelme

z,
(25)

The expression of the effective noise matrix for data
recovery is

Z/d = /IolAHIneXInet + Z/
= Jo1AH; Xg + /o2 AHpmeX e, +Z.  (26)
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T
L ~ B,y
Using joint scheme, §;, = \/’%1

can be expressed as (27)

. Then the equivalent SINR

— (Ne — k)d)h by

Feloo1d

p1(MT
2N (14+ )+p1NrT )MT
p2(T— Nn+1> PINE
(MT — (N — k)d)hiThy

= , 27
Pesr MT 27

p2(T—=Ny+1)—pi N &
Pa(T+1oa (NS
process of SINR is shown in Appendix C.

The sum achievable transmission rate of the system can be
expressed as

SINR; =

where p.; = 01 . The specific derivation

Ne

R =) "log, (1+ SINRy). (28)
k=1

System performance depends on SINR. To observe the
influence of power allocation scheme, assume that the total
power of each transmission including training phase for train-
ing symbols and data phase for data symbols is fixed. pod =
p1d + p2T. Define A € [0, 1] as the data power allocation
factor. We optimize the parameter A = % to maximize
the SINR when performing signal recovery.

SINR is determined by noise, the interference of data and
training sequence sent by other devices, the interference from
the training symbols depends on the channel estimation error.
Among them, the energy of data symbols p; and channel esti-
mation error oy, oy, are affected by power allocation scheme.
Seen from (27), to maximize SINR is to maximize p,;.

Only when the interference between data and training
sequence is small, the scheme is feasible. When SNR is
high enough, it is reasonable to assume that the impact from
residual error of data recovery on the channel estimation is
negligible as we mentioned in the former section. At this point
MSE is given approximately by (19). According to (27), o
can be represented as a function of A

A1 = AT =Ny, + 1) — ANcIpo

= a-na+n P

Define: n =
expressed as
dpgy _ (L= 204+ (L mA2KT—Na £ Dpo 5
dx 1=2AT+1) '
When the derivative is zero, the optimal data power alloca-
tion factor A can be calculated

N, . .
7—N.57- The derivative of p; about A can be

1 A
- =1 ——" 3D

opr = 1 —
opt 147 T—N,+1+N,

According to (31), because T > N, the power that needs
to be allocated to the training part is only a small percentage.
However, for low SNR case, FER is inevitably high, MSE
is larger than (19). In order to reduce the influence of chan-
nel estimation error on data recovery, more energy should
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be allocated to training symbols to obtain accurate channel
estimation.

Compared with the data recovery performance of ideal
situation (perfect CSI, without superimposed training, all the
energy is allocated to the data), the performance loss caused
by superimposed training can be given. We first give the
received signal in the ideal situation.

N
Y=/p0 ) hixai + Z. (32)
iel
In this case, the active devices set I, and their channel
response vector h; are known to base station. For comparison,
we give the SINR expression under perfect CSI as (33)

(MT — (N — k)d)hg'hy po
MT '

The proof of this equation is almost the same as (27).

Through the comparison of (27) and (33), we can analyze
the SNR loss caused by superimposed training sequence. The
MSE of channel response will be regarded as interference
for data recovery. The SINR gap caused by superimposed
training is the biggest for the first device.

In the first iteration, all devices’ signal have not been recov-
ered correctly. The minimum value of p_; can be expressed
as (34)

SINR? = (33)

L1

Oett, min = Nepyd :
T e T N

02(T—Ny+D)—p1 N &

(34)

Define § as the gap with or without the influence of channel
estimation error in dB and its upper bound can be derived as

8 < 10logyg po — 1010810 Oit min

No(1+ 214y 4 piN4 1
_ 1010g,|[14 20T TT ) H 01 ‘T) 2| 3s)
2Ny + )= piNeE | 7

On the contrary, if the data of all devices have been recov-
ered correctly, then the value of p_, will reach the maximum.

P£1

(PZN/1+,01N£%)
02(T—Ny+1)—pi N &

(36)

p eff, max =

Then § will reach its lower bound.

8 = 10logyo po — 1010210 Pey. max

N, + piN.4 1
— 10logyg | 14 ——2RnEo1NeT) =] 67
p2o(T — Ny + 1) — plNcT A

Compared with the perfect CSI, our proposed CTST
scheme has an SNR loss range in data recovery given by
the (35) and (37).

In the case of high SNR, § will be very close to the lower
bound. Under actual circumstances, 7 > N, is satisfied,
the interference of channel estimation error on data recovery
is very small. Then the performance of active device detec-
tion, channel estimation and data recovery will all achieve
their desired boundaries. This is exactly what this program
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is pursuing, the interference between signals and training
sequence can be basically eliminated.

By analyzing SINR, we can give the conditions under
which the scheme can be implemented efficiently. To ensure
the performance of active devices detection and channel esti-
mation, the SINR should satisfy the equation (38) when each
device is recovering its data. For all &k, the SINR must meet
the condition (38)

SINR; > y. (38)

where y is the SINR threshold to ensure the system perfor-
mance. The channel response parameters of each device on
each antenna satisfy the complex Gaussian random distribu-
tion, the sum of the energy responses of all antennas (hf hy)
satisfies the chi-square distribution with a dimension of 2M.

It can be approximated that the energy of the channel
response matrix of the active devices is evenly distributed
in the equal probability interval. The probability of having
i active devices in a certain equal probability interval is

PG) = (A;C)(A%)i(]v‘];,—:l)m_". Then the expectation can be
expressed as
(NN 1 Ne—1, .
Zz(l.)(NC)( ) (39)

That is to say, there is one device in each section on aver-
age. Further more, even in a single simulation, the probability
of each equal probability interval exceeding two users is
relatively small when the number of active devices is large
enough.

2 2

Pi>2)~1—=— 2,
e e

(40)

where e is the natural constant.
Then the average value of k-th largest response energy can
be approximately expressed as (41).

2(Ne — k) + 1
2N,

Average SINRs of all active devices can be evaluated by
substituting (41) into the expression of SINR.

In order to give a simple approximate expression, we take
the channel response energy as the average given by (41). For
all k € [1, N,], equation (38) can be rewritten as (42)

(MT — (Ne = K)d)E (b hi)pi

Neprd

MT <1+pan(1+ 0 >+p1NC”T’>

1
E(hi'hy) ~ 3 chi2inv ( , 2M> . (4D

(42)

02T —Ny+1)—pi Ne &

To get SINR threshold y, we can draw a simulation image
of the relationship between SINR and FER for one single
device.

As shown in Fig.5, the SINR threshold that can ensure the
data recovery performance should be set at around y = 2.5.

In addition, the number of equations in (4) must be at least
equal to the number of variables.

MT > N.d + N,M. (43)
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FIGURE 5. Relationship between SINR and FER for one single device.

From (42) and (43), the required training length 7 or the
number of active devices N., N, that the system can support
can also be calculated.

V. NUMERICAL RESULTS

This section presents the simulation studies to evaluate the
presented theoretical analysis of the proposed scheme. In all
simulations, Quadrature Phase Shift Keying (QPSK) is used
for training and data modulation. The elements in channel
matrices are independent and identically distributed.

The BS is equipped with M antennas. The active device is
randomly selected from all N online devices. The number of
current active devices N, and their set / are known, and the
number of active devices N,, and their set I™® are unknown at
the BS. The data frame length T is also the training length,
T = 5d in all of our simulations.

The parameters are set as (T, d, N, N, N,, M) = (1000,
200, 1280, 32, 32, 8). From the simulations, we can see that
the system performance with eight antennas is good enough.
From (27), we can see that the signal recovery performance
will increase with the number of antennas. Thanks to the
block sparse structure of the MIMO system and the long
enough training sequence, the probability of missed detection
of active devices in the next transmission is nearly zero in our
simulations. This is also in line with our theoretical analysis.

A. THE INFLUENCE OF DATA POWER ALLOCATION
FACTOR (.) ON DATA RECOVERY PERFORMANCE

We first simulate the power allocation scheme to obtain the
optimal allocation factor. The performance of data recovery
for different values of X is shown in Fig. 6: the optimal data
power ratio X is about 0.80, this is consistent with the conclu-
sion given by the theoretical formula (31). When the parame-
ters (T',d, N, N., N,, M) = (1000, 200, 1280, 32, 32, 8) are
introduced into (31), the theoretical result A,y = 0.82 can
be obtained. The energy of the actual superimposed training
is only a small part of the total energy, then its impact on
data recovery will be small. It can be seen that after the
power allocation factor is optimized, the performance of data
recovery will be significantly improved.
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FIGURE 6. The influence of optimal data power ratio on data recovery
performance.

At low SNR, because of the influence of the data that can-
not be recovered correctly on the channel estimation, more
energy should be allocated to the training part. Optimal value
of A is a little bit smaller than 0.80. This is also consistent
with our analysis.

In order to get the best performance, we set the power
allocation factor to A = 1 dpjf;ﬂ = 0.8 in the later simu-
lation. That is p; = 0.8p¢, p2 = 0.2d po/T. The SNR in all
our simulations is defined as Es/Ny, where E; is the overall

symbol energy (o) and Ny is the noise spectral density.

B. CHANNEL ESTIMATION AND DATA RECOVERY
PERFORMANCE CHANGES WITH THE INCREASE OF
ITERATIONS
Then we simulate the performance of the proposed algorithm,
and we can see that the performance of channel estimation
and data recovery will be improved after each iteration. Both
simulation and theoretical analysis show that the performance
gap between the proposed superimposed training scheme and
perfect CSI is small enough.

As shown in Fig. 7, after each iteration, the data of more
active devices can be recovered and verified correctly, its
impact on channel estimation is smaller, and the performance

N first iteration
'S — % — second iteration
N —=<— final iteration

— & — Ideal lower bound

MSE
/
!

10 2 L L 1 1

4 3 2 -1 0 1 2
Es/NO(dB)
FIGURE 7. MSE performance: the interference of data on channel
estimation.
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of the channel estimation is better. At high SNR, the MSE
performance of the channel estimate is very close to the ideal
theoretical value (19). In this case, the data symbols has
negligible effect on the channel estimation. When the SNR
reaches 0 dB, the influence of data recovery error is small
enough. As shown in Fig.8, FER is around 0.01 at 0 dB which
satisfies the condition FER « N[:Lpld‘ On the contrary, when
the SNR is low, the influence of data symbols on channel
estimation is too large.

As shown in Fig. 8, since the MSE of the channel estima-
tion is getting smaller and smaller, each iteration can further
reduce the impact of the training sequence on data recovery,
then the performance of data recovery will get better and
better. Compared to the ideal situation (perfect CSI, without
superimposed training), the SNR loss of the decoding perfor-
mance is only a gap of about 1.8 dB. This just falls within the
range given by the theoretical formula (35) and (37) which is
[1.7,4.8], and it is very close to its theoretical lower bound.

first iteration <
—&— second iteration & < ;
10 | ——% — thirditeration
—%— final iteration N
— —0O— — perfect CSI ~ou

-4 -3 -2 -1
Es/NO(dB)

FIGURE 8. FER performance: the influence of channel estimation error on
data recovery.

After a few iterations, the performance of the channel
estimation (MSE) and data recovery performance (FER) will
not change. After the third circulation, the MSE and FER
performance is very close to the final performance.

C. FER AND MSE PERFORMANCE: COMPARISON OF A
SIMILAR SUPERIMPOSED TRAINING SCHEME
And then, we compared the gap between the performance of
the proposed CTST scheme and traditional ST scheme. In
order to compare our proposed scheme with traditional ST
scheme, we set the same total energy pg, the same power
distribution factor A =0.8, the same training and data symbols
length 7', the same number of active devices N, N, and
antennas M for both scenarios. As shown in Fig. 9, our
proposed scheme has better performance than the traditional
superimposed training scheme, whether at high SNR or low
SNR. Compared to the ideal situation (perfect CSI, without
superimposed training), the SNR loss of the proposed CTST
scheme is smaller.

Accurate data recovery is also a guarantee of active device
detection and channel estimation performance. The channel
estimation error of the proposed CTST scheme is also lower
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FIGURE 9. FER the comparison of a similar superimposed training
scheme.
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FIGURE 10. MSE: comparison of different superimposed training scheme.

than traditional ST scheme as shown in Fig. 10. In turn,
the performance of data recovery has also improved.

D. THE NUMBER OF ACTIVE DEVICES THAT THE SYSTEM
CAN SUPPORT

Finally, we simulate the performance of the system with the
number of active devices. The number of active devices that
the system can accommodate is given. We assume that the
number of active devices in two adjacent transmissions is
approximately the same N, = N,,.

As shown in Fig. 11, when the number of active devices
is less than 32, the result of MSE is close to its ideal value.
At this time, active device detection and channel estimation
are very little disturbed by data recovery error. This satisfied
the condition that guarantees system performance.

As shown in Fig. 12, the performance of data recovery will
greatly decrease with the increase of the number of active
devices when N., N, > 32. According to Fig.5, the SINR
threshold should be around y = 2.5. Under the given simula-
tion parameters, the number of active devices N,, N, that the
system can support can be calculated: N., N,, < 33 according
to (42) and N, N, < 38 according to (43). The simulation
result of the number of active devices N,, N, that the system
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FIGURE 11. MSE with different number of active devices N¢. The
parameters as (T,d, N, M, Es/Ny) = (1000, 200, 1280, 8, 2).
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FIGURE 12. FER with different number of active devices N¢. The
parameters as (T,d, N, M, Es/Ng) = (1000, 200, 1280, 8, 2).

can support is also in agreement with the theoretical results.
By increasing the number of antennas M or the extended
length of training sequence 7', the system can accommodate
more active devices.

VI. CONCLUSION
In this paper, the new superimposed training scheme can
efficiently improve the utilization of system resources, where
active device detection, channel estimation and data recovery
can be performed simultaneously, and no extra dedicated
resource need to be allocated for channel estimation.

Moreover, the performance of active device detection per-
formance and channel estimation mean square error is also
better due to the use of longer training sequences. Further-
more, because of the good performance of active device
detection, low complexity algorithm can be used, and the per-
formance of data recovery can also be improved. Simulation
results show that the proposed CTST scheme can guarantee
the performance of data transmission, channel estimation and
active device detection.

In conclusion, the transmission scheme can achieve
massive connectivity, which is applicable to future wireless
communication system.
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APPENDIX A

BRIEF DERIVATIONS OF (7), (8). (9) AND (10)

Z;, AH; and H; are independent of each other, the energy of
each term of equivalent noise can be expressed as

E[1Z3] = mr, (44)
E[Ihxal}] = M. (45)
E [||AH,Xd,||§] = NM&2d. (46)

Channel estimation error is small enough, we can get
E[IAHXu 3] < E [IIZ/3]. With results above, we can
have result in (7).

Define Z; = ./e;Zy, then each element of Zg is i.i.d.
circularly symmetric complex Gaussian distributed random
of zero mean and unit variance. For all i € ["¢,j ¢ 1"

H 2 H H 2
Coo=IIrxi{ 113 = lIvP2 Y huxunXf] + /e Zox}) |13,

nele
H, 2 H H,2
Cor=IIrx 113 = 1vP2 Y huxuxf] + /e Zox] |3. (47)
ne]ne

Each device’s channel response vectors are independent,
as well as between them and noise. We can analyze the energy
of each item separately.

H 2 2 2 .
[Thix;ix; |1, = T7||hjll3, n =1,
2 2 H12 2 .
X Xff 15 2 [l [51x0XS] |15 2 Thyll5, n # i
Zoxff

7 113 (48)

H 2
llvVerZox;j |15 = e T||

h; € CMxl p, € (CMXI,ZOT—X{; € CM>1 in the above
formula, are all with ii.d. circularly symmetric complex
Gaussian distributed random entries of zero mean and unit
variance.

1
Coo = 5 |17+ W = DT + T 130113,
1
Cer = 5 INuT + e T1 1113, (49)
where xg € CM*! and x; € CM*! are all with i.i.d. circularly

symmetric complex Gaussian distributed random entries of
zero mean and unit variance. Then, ||xg| |%, []x1 ||% all follow a
chi-squared distribution with 2M degrees of freedom. Their
expectation is 2M, and their variance is 4M. With results
above, we can have result in (8) and (9).

Because x;; and x;; are mutually independent, after a linear
transformation, they are uncorrelated, Then C,9 and C,; can
be considered uncorrelated. It can be explained by the follow-
ing equation:

Cov(Cep, Ce)
H H H
= COV(Xn‘I't r,xg, thrt l‘txtj )

H H
= Cov(x;Rx;; , XTjRth )

T T T T
= COV(Z Z RyunXtimXtin, Z Z quxtjpxtjq)

m=1 n=1 p=1g=1
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T T

m
=0, (50)
where R =
matrix R.
Chi-square distribution of high dimension can be approx-
imately treated as Gaussian distribution according to central
limit theorem. We use the following parameters to show the
distinction between active and inactive devices

r; € C'*T R,, and Ry, are elements of

o — K1
[ 2, 2
o) + i

From the equation above, we can easily conclude that with
larger data length, the cross correlation coefficient can be
reduced, so superposition is a good solution to extend the
training symbols to whole time-frequency resource block.

According to our assumptions 7 > N,,, it can be confirmed
that o > @1 and crg > 012. With results above, we can have
result in (10).

P(Cop > Co1) = P(Cep — Ce1 > 0) =

APPENDIX B

BRIEF DERIVATIONS OF MSE THEORETICAL

FORMULA (16)

Due to space limitation, we only present the important steps
of the derivations. the equivalent channel matrix error can be
written as (51)

3 ZX
AHjne = Hyne — Hyne = e (51)
/P2

Equivalent noise Z; is independent of the training sequence,

”Z/ ”2 = ||1Z' + NI Z hnan ||2 = MT + leNcohd +

A
MSE = tr((AHY: AHpne) /N, /M
1
= N te((Z X ne DY (Z/ X pne )
1
= te(Xpne Y@ (Z/ X e T)). (52)

o1 NuM
z & (Z}) can be approximated as a diagonal matrix

E[(Z)(Z))] ~ Me(], (53)

where e; = 1 + plNCUh T+ m is the average energy
of each element of Z;, substltutlng (53) into equation (52),

MSE = tr((Xygne DY (Xypne 7))

P2 Ny

(43 _
= (X Xypne) ™)
P2 Ny
€r -
= L (54)
02

123810

X is the average of the eigenvalues of matrix (Xt[neH X, me)~L,
according to the theory of random matrices.
- 1
A= ———. (55)
T—-N,+1
With results from (54) to (55), we can have result
in (16) and (19).

APPENDIX C

BRIEF DERIVATIONS OF EXPRESSION OF SINR USING
JOINT DATA RECOVERY SCHEME

The data symbols will be got by LS method, using
equation (23)

~ Tr
S = —4@t = BH®BBH) ). (56)
L1
Furthermore, we have the following two results S = Bly =
S+ Bz

The corresponding estimation error can be written as

AS =By — S = Biz, (57)

where z = vec(Z))). After normalization, each element of
matrix B satisfies the Gaussian random distribution. Through
the asymptotic result of RMT theorem 2.35 in [36], this is
also a good approximation of the rational small-scale matrix
dimension, and the pseudo-inverse of B. The eigenvalues of
the matrix have an empirical distribution. Define A; as the

eigenvalue of the matrix (BHB)~!. E[);] = ,#Tﬁk)d.

“”AS”ZH E[tr{BTzz (BT>H”
aeedE:tr{Bf BT H

_I\H
=e4E |t !( BHB ) ”
= ¢4E |t { BHB H
= (N, — k)dE [Ai]
MT (N, — k)d
— M’ (58)
MT — (N, — k)d
where zzZH = e lyr + e4G. Among them, the diagonal

element of G is a random small Gaussian distribution. And
eq is the energy of each element of z = vec(Z)).

Z/d = JP1 AH[X[d + «/pzAH]neX[net + Z. (59)
Z, AH; X}y and AH}®Xne; are independent of each other.

2
VAN

N 2
=E [” P1AH X g + /02 AHmeXne, + Z”z]
= pIN:-MSEMd + poN,MSEMT + MT
N, (1 + (N.—k)p1d + Ni
p 4 P2l ) mdLT e
p2(T—Ny + 1) — piN,

= eqMT.
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Ne—k)prd
ool (14 Fe=D01dy | N 4

. (T =Ny +1)=piNe
After normalization, the energy of each element should

be approximately equal, so the channel response for the
k-th device is the average of each device. The estimated error
of the corresponding k-th device is

Wecangetey; = 1 +

AS; = AS[1 : d]. (60)
Its energy can be written as
E[{1asa3}] = e[{1asi3}] v =
MTd
=—— (61)
MT — (N, — k)d
The corresponding SINR of the k-th device is
2
S| MT — (N, — k)d) (hih
SINR; = ” k”22 _ ( (Ne ) )( k k) 'Oeff’ (62)
lAskli3 MT
where p; = £t
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