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Abstract— The explosive growth of wireless traffic requires
revolutionary wireless communication techniques. The cloud
radio access network (C-RAN) is a solution to leverage the spatial
multiplexing gain by utilizing a number of antennas distributed
in a certain area. However, in most of the current literature,
due to the limited front-haul capacity, each remote radio head
(RRH) can use only a single antenna, and thus the total number
of antennas can be utilized are limited. In this work, we propose
a distributed baseband signal compressive quantization scheme
for the uplink of a multi-antenna C-RAN where each RRH uses
multiple antennas. At each RRH, the baseband signals of multiple
time instants are embedded into a vector with low dimension
using delay-and-add so that more bits can be allocated to each
value, and the quantization noise power caused by the front-haul
link capacity deficit is reduced. The delay-and-add operation is
low complexity that can be realized using basic buffering and
adding, and it does not require channel information in the RRHs.
Therefore, the low deployment cost feature of C-RAN is pre-
served. As a result, a large number of antennas can be utilized by
deploying a lot of multi-antenna RRHs, which provide rich spatial
diversity that assists the detection which happens in the baseband
units. In the symbol detection phase, the corresponding weight
vectors are designed to detect the symbols from the compressive
quantized baseband signal. A parallel interference cancellation
algorithm is proposed to further improve the accuracy of the
symbol detection. Numerical results show that the proposed
scheme is efficient in tackling the front-haul capacity challenge.
We also apply the proposed scheme to orthogonal frequency-
division multiplexing-based multi-antenna C-RAN, where we find
that the system can utilize larger bandwidth with limited front-
haul capacity. It facilitates the deployment of C-RAN based on
both 4G and 5G wireless communications.

Index Terms— Interference suppression, broadband communi-
cation, least mean square methods, antenna arrays, MIMO, data
compression, quantization.

I. INTRODUCTION

W ITH the proliferation of new mobile devices and
applications, the demand for ubiquitous wireless
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services has increased dramatically in recent years. It has
been projected that by the year 2020, the volume of the
wireless traffic will rise to about 1000 times that of the
year 2010 [1]. This explosion of wireless traffic will be a
new challenge to wireless networks. In fact, people have
started to feel the impact in some places, such as at the
airport, conference and stadiums where it is difficult to
access the wireless network with hundreds of other devices
around.

To address the aforementioned challenge, many techniques
have been developed. In recent years, massive multiple-input
and multiple-output (massive MIMO) has drawn the attention
of researchers. Following the same idea of leveraging the
spatial multiplexing gain as the traditional MIMO, the mas-
sive MIMO utilizes a much larger number of antennas, and
some interesting features have been discovered, such as the
improved spectral efficiency and energy efficiency which can
be achieved by maximum ratio combining (MRC) in the
uplink or maximum ratio transmission (MRT) in the down-
link [2], [3]. However, despite the advantages, the massive
MIMO is limited by a few bottlenecks. For example, due to the
limited separation between antennas, the channels are always
correlated, which undermines the advantages made possible
with massive antennas [4], [5].

With the same initiative of utilizing extra antennas,
another promising approach is the cloud radio access
network (C-RAN) [6]–[9] where multiple remote radio heads
(RRHs) are connected to a central baseband units (BBUs)
pool powered by high performance computing. In the uplink
transmission, instead of decoding the received symbols, each
RRH just performs the basic receptions and forwards the
baseband signal to the BBU pool for centralized processing.
In the C-RAN, the BBUs are able to utilize the multiple
antennas distributed in a certain area and work like a virtual
MIMO. Due to the centralized processing, the cooperation
between RRHs becomes much easier, and therefore the cell
edge coverage is improved. Moreover, the cost of deployment
is reduced since each RRH only needs the basic transmission
and reception functions. However, a major bottleneck is the
limited capacity of the front-haul link which connects the
RRH and the BBU pool [10]. Many works have been done
to alleviate the impact of the bottleneck in the C-RAN.
Several baseband signal compression methods are proposed
in [11]–[13] where the baseband signal is compressed before
transmitted through the front-haul links. Although baseband
signal compression can alleviate the traffic in the front-haul
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under certain cases, it introduces extra computation complexity
at the RRH side, which makes this approach less cost-effective.
An alternative solution is the sparse beamforming [14]–[16]
where each terminal device (TD) is associated with a cluster of
RRHs. However, the data rate in the front-haul link is related
to the cluster size, and a larger cluster requires a higher front-
haul link capacity [14]. As a result, the limited front-haul
link capacity makes it impossible to take full advantage of
the available spatial diversity. Ma et al. [17] explore to utilize
the time-reversal communication [18], [19] as the air interface
in order to alleviate the traffic load in the front-haul links
without incurring compression or decompression in the RRH.
Despite all the above efforts, the C-RAN is mostly utilizing
single antenna RRHs due to the limited front-hual capacity,
which limits the total number of available antennas.

We notice that if the total number of antennas is large,
the C-RAN works like a virtual massive MIMO, and many
nice properties of massive MIMO will apply. For example,
the massive antennas help focus the energy into smaller
region [20], such that more TDs can be accommodated effi-
ciently. The nice properties of massive MIMO are essential
to the next generation of wireless communication systems.
However, in the current literature where each RRH always
uses a single antenna, the total number of antennas that can
be utilized is limited. Recently, motivated by the advantages
of massive antennas, the multi-antenna C-RAN is investi-
gated [21]. Since the amount of baseband signal data in the
front-haul link is proportional to the number of antennas used
by the RRH, a spatial filtering method is designed in [22]
to compress the baseband signal in the uplink. However,
the design of the spatial filter is performed at the BBUs due to
the limited computation capability of RRHs, which brings a
lot of overhead in the already-tight front-haul links. Moreover,
the compression of the baseband signal using the spatial filter
involves massive multiplication operations, which brings up
the cost of each RRH.

Recall that in the massive MIMO, the MRT precoding [20]
and MRC receiver [23] are widely used in downlink and
uplink, respectively. In the uplink, the performance of the
low cost MRC receiver approximates the the matched filter
bound (MFB) detector [23]. It is due to the rich spatial diver-
sity provided by the massive antennas. In the multi-antenna
C-RAN, the rich spatial diversity is also available due to the
fact that the total number of antennas is large. In this work,
we aim to leverage this rich spatial diversity to design low cost
but effective baseband signal processing schemes which can
facilitate the C-RAN tackle the front-haul capacity challenge
caused by using multi-antenna RRHs. Instead of elaborately
designed compressor, quantizer and decoder, we propose a
novel baseband signal compressive quantization at the RRH
side coupled with the weight vectors designed at the BBU
side. The compressive quantization consists of two phases: the
delay-and-add and the quantization. The delay-and-add simply
buffers the baseband signals of multiple time instants and
sums the delayed versions of them, which is then quantized
and transmitted to the BBUs through the front-haul link.
By the delay-and-add, the raw baseband signals from multiple
time instants are embedded in a vector with lower dimension

compared with the direct concatenation, and more bits can
be allocated to each value in the quantization. As a result,
the quantization noise is mitigated. On the other hand, due
to the overlapping of baseband signals from multiple time
instants, extra interference is created. Unlike the quantization
noise, the interference has its own structure, and is easy to
mitigate and cancel out with the rich spatial diversity provided
by the massive antennas. In other words, different from gen-
eral baseband signal compression algorithms, the compressive
quantization is tailored for the multi-antenna C-RAN where
massive antennas are available. In the BBU side, the linear
minimum mean square error (LMMSE) and MRC detectors are
designed to detect the symbols from the signal processed by
the RRHs using compressive quantization. To fully utilize the
computation power of the BBUs, a parallel interference can-
cellation algorithm is proposed to further reduce the influence
of interference. Moreover, we extend the proposed scheme to
an orthogonal frequency-division multiplexing (OFDM) based
multi-antenna C-RAN and find that the proposed scheme
helps the OFDM based multi-antenna C-RAN utilize larger
bandwidth with limited front-haul capacity. This extension is
applicable for C-RAN based on both OFDMA in 4G wireless
communications, as well as non-orthogonal multiple access
(NOMA) in 5G wireless communications. Numerical results
in various settings illustrate the effectiveness of the proposed
schemes.

The rest of the paper is organized as follows: in section II,
the system model is introduced. We propose and analyze the
compressive quantization scheme as well as the correspond-
ing symbol detection schemes in section III. In section IV,
the proposed scheme is applied to the OFDM based multi-
antenna C-RAN. Numerical results are shown in section V
and section VI concludes the paper.

II. SYSTEM MODEL

We consider the uplink communication of the cloud radio
access network (C-RAN). As shown in Fig. 1, a group of
N terminal devices (TDs) are distributed in an area and they
work in the same band. Each TD transmits the signal, which is
received by M remote radio heads (RRHs) distributed in the
same area. All the RRHs periodically report the received base-
band signal to the baseband unit (BBU) pool through front-
haul links with limited capacity. Without loss of generality,
we assume the i-th RRH is equipped with Qi antennas where
Qi > 1, and each TD is equipped with single antenna.

In this work, we assume that the instant channel state
information (CSI) is available at the BBUs through channel
estimation prior to the uplink transmission. The channel esti-
mation is periodically performed for each TD to update the
out-of-date CSIs. The channel impulse response between the
i-th RRH and the j-th TD is hi,j = [h(1)

i,j , h
(2)
i,j , · · · , h

(Qi)
i,j ]T

where h
(m)
i,j is the channel impulse response between the m-th

antenna of RRH i and TD j.
In the uplink transmission, all the RRHs periodically report

the received baseband signal to BBUs and the BBUs are
responsible for detecting the symbols transmitted by the TDs
using the received signal. The signal received by the ith RRH
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Fig. 1. The System Model.

at time instant t can be represented as

yi,t = Hixt + ni,t (1)

where xt ∈ CN×1 is the vector containing the intended
symbols of all the TDs at time t, ni,t ∈ CQi×1 is the additive
white gaussian noise (AWGN) received by RRH i at time t.
The matrix Hi of size Qi × N is

Hi = [hi,1,hi,2, · · · ,hi,N ]. (2)

As shown in (1), the dimension of the baseband signal
yi,t increases as more antennas are used at each RRH. The
baseband signals transmitted directly through the front-haul
links will suffer from severe quantization noise. Let the
capacity of the front-hual link be Ci bits per second, and
the wireless bandwidth be J Hz. We analyze the quantization
noise under uniform quantization. The average number of bits
allocated to an individual value in yi,t is

Bi =
Ci

J · Qi
. (3)

Typically, the distribution yi,t is close to complex Gaussian
distribution since each component is a summation of signal
transmitted from multiple TDs. Thus, the quantization noise
qi[k] can be approximated as a complex random variable
whose real and imaginary parts are uniformly distributed in
the range (−Li

2 , Li

2 ) where Li = 2Ki

2bi−1
is the quantization

level [24] of the baseband signal of i-th RRH, bi = Bi/2
is the number of bits used to represent the real/imaginary
part of yi,t[k], and [−Ki, Ki] is the dynamic range of the
real/imaginary part of yi,t[k].

By [24], the power of the quantization noise can be written
as

E[‖qi[k]‖2] =
(Li)2

12
+

(Li)2

12
=

(Li)2

6
. (4)

It can be seen from (3) and (4) that with limited front-
haul capacity, the number of bits allocated to each individual
value of yi,t[k] decreases as Qi increases, and in consequence
the quantization noise power increases. In other words, under

Fig. 2. An example of the delay-and-add phase with Qi = 8, Di = 2.

direct quantization, the limited front-haul capacity is the
main obstacle in transmitting the yi,t’s to the BBUs. In the
next section, we will introduce the compressive quantization
scheme which is able to quantize yi,t’s more efficiently so that
the signal fits the front-haul capacity.

III. COMPRESSIVE QUANTIZATION

AND SYMBOL DETECTION

To tackle the aforementioned quantization noise problem,
in this section, we propose the distributed baseband signal
compressive quantization as well as the corresponding symbol
detection schemes. We will first introduce the compressive
quantization which happens in the RRH, and then the cor-
responding weight vectors that can be used to detect the
symbols from the compressive quantized baseband signal.
Finally, we propose a parallel interference cancellation algo-
rithm which further improves the symbol detection accuracy.

A. Compressive Quantization

The frame based compressive quantization scheme consists
of the delay-and-add phase and the quantization phase. Let F
denote the frame length. In the delay-and-add phase, the yi,t’s
obtained in t = 1, 2, · · · , F are buffered. As shown in Fig. 2,
instead of quantizing and transmitting yi,t to the BBUs at each
time instant, each yi,t is delayed for Di time instants from the
previous one. The vector zi is the summation of the delayed
versions of yi,t’s. More specifically, zi can be written as

zi[k] =
F∑

t=1

ỹi,t[k] (5)

where

ỹi,t[k] =

⎧
⎪⎨

⎪⎩

yi,t[k − (t − 1) · Di], if (t − 1) · Di + 1
≤ k ≤ (t − 1) · Di + Qi

0, otherwise

(6)

To model the proposed compressive quantization scheme,
we introduce the equivalent channel H(eq)

i as

H(eq)
i =

[
H̃(1)

i , H̃(2)
i , · · · , H̃(F )

i

]
(7)
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where

H̃(r)
i =

⎛

⎝
0(r−1)Di×N

Hi

0(F−r)Di×N

⎞

⎠. (8)

The overlapped baseband signal zi can be written as

zi = H(eq)
i x(eq) + n(eq)

i (9)

where x(eq) = [xT
1 ,xT

2 , · · · ,xT
F ]T and n(eq)

i = A ·
[nT

i,1,n
T
i,2, · · · ,nT

i,F ]T . The noise transformation matrix A ∈
R(Qi+(F−1)Di)×(QiF ) can be written as

A = [a1,a2, · · · ,aF ] (10)

and

ak =

⎛

⎝
0(k−1)Di×Qi

IQi×Qi

0(F−k)Di×Qi

⎞

⎠. (11)

The quantization phase follows the delay-and-add phase.
Uniform quantization is applied to each element in zi. More
specifically, the quantized signal z̃i can be represented as

z̃i = zi + q(CQ)
i

= H(eq)
i x(eq) + n(eq)

i + q(CQ)
i (12)

where q(CQ)
i is the quantization noise caused by compressive

quantization. In the following, we will show the quantization
noise is reduced by the proposed method.

The total length of vector zi containing the information of
yi,t’s is Qi + (F − 1) ·Di. Compared with the aggregation of
yi,t’s of the length Qi ·F , the dimension of the vector is much
reduced. For instance, as in the example shown in Fig. 2 where
Qi = 8 and Di = 2, the number of components is reduced to
nearly 1

4 of the original value. As a result, with limited front-
haul capacity, more bits can be allocated to each individual
component. More specifically, similar to (3), we have

B
(CQ)
i =

F · Ci

J · (Qi + (F − 1) · Di)
. (13)

By (5), the distribution of zi is close to complex Gaussian
distribution as the elements in yi,t are approximated as com-
plex Gaussian random variables. Similar to (4), the quantiza-
tion noise power under the compressive quantization can be
written as

E[‖q(CQ)
i [k]‖2] =

(L(CQ)
i )2

12
+

(L(CQ)
i )2

12
=

(L(CQ)
i )2

6
(14)

where

L
(CQ)
i =

2K
(CQ)
i

2B
(CQ)
i

(15)

is the quantization level under the compressive quantization
and K

(CQ)
i is the dynamic range of zi[k].

In fact, zi[k] is formed by the summation of Qi

Di
independent

components. While K
(CQ)
i increases linearly with 1

Di
, B

(CQ)
i

also increases linearly with 1
Di

by (13). In other words,
the numerator of (15) increases linearly while the denominator
increases exponentially. As a result, the L

(CQ)
i decreases

Fig. 3. An example of the DSP circuit for compressive quantization with
Qi = 8, Di = 2.

with 1
Di

and the quantization noise power is reduced as well
by (14).

In summary, in the proposed compressive quantization
scheme, the baseband signals from multiple time instants
are first reduced into a lower dimension vector using the
delay-and-add and then quantized. Because of the reduction
in dimension, more bits can be allocated to each individual
value in quantization, and the quantization noise power is
reduced. On the other hand, due to the reduction of dimension,
the independent baseband signals of multiple time instants are
overlapped together, which creates some additional interfer-
ence and makes the detection of the symbols more difficult.
The parameter Di in the proposed scheme can be tuned to bal-
ance the quantization noise power and the interference power.
Since the length of zi is Qi + (F − 1) ·Di, with smaller Di,
the raw baseband signals are densely overlapped together,
which creates much interference while significantly reduces
the quantization noise power. With larger Di, the reduction
in quantization noise power is not so aggressive, while the
extra interference created by the compressive quantization is
also mild. In next subsection, we will propose weight vector
designs to detect the symbols from the compressive quantized
baseband signals.

Before we introduce the weight vectors that are used in the
BBUs to detect the symbols, it is worth analyzing the com-
plexity of the compressive quantization in the RRHs. By (5),
the delay-and-add does not require the channel information,
which reduces the communication overhead between the BBUs
and the RRHs since the channel information is obtained in the
BBUs. This is a desirable feature in the C-RAN since the
front-haul link capacity is usually the bottleneck limiting
the performance of the system. Moreover, as an example
shown in Fig. 3, the processing in the RRHs only involves
buffering and adding without multiplying, which can be easily
implemented using low cost hardware. It enables the RRH to
compress the baseband signal from multiple antennas without
complicated processing, which preserves the advantages of the
C-RAN system that the RRHs are cheap and can be deployed
with low cost.
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B. The Weight Vector Design

As introduced in last subsection, each RRH processes the
baseband signal using compressive quantization and transmits
them to the BBUs via the front-haul links with limited
capacity. The BBUs collect the baseband signals transmitted
by each RRH and detect the intended symbol of each TD.
In this subsection, two weight vector designs are proposed to
detect the intended symbols from the compressive quantized
baseband signals.

The aggregate of the baseband signal from all the RRHs
collected at the BBUs can be written as

z̃ = [z̃T
1 , z̃T

2 , · · · , z̃T
M ]T

= H(eq)x(eq) + n(eq) + q(CQ) (16)

where H(eq) = [(H(eq)
1 )T , (H(eq)

2 )T , · · · , (H(eq)
M )T ]T ,

n(eq) = [(n(eq)
1 )T , (n(eq)

2 )T , · · · , (n(eq)
M )T ]T , q(CQ) =

[(q(CQ)
1 )T , (q(CQ)

2 )T , · · · , (q(CQ)
M )T ]T .

Without loss of generality, in the rest of the paper,
we assume that Di = D for i ∈ {1, 2, · · · , N}, while the
analysis can be easily extended to the case that the RRHs use
different Di’s. The BBUs use weight vectors to combine the
elements of z so as to optimally detect the transmitted symbols
of all the TDs. In this work, we first determine the optimal
weight vectors WLMMSE to minimize the mean square error
(MSE) of the detection. The problem can be formulated as

min
W

N∑

k=1

E[‖x̂(eq) − x(eq)‖2] (17)

where x̂(eq) = Wz̃. The solution to (17) can be written as [25]

W(LMMSE)

=[Σx−Σx(H(eq))′Σ−1
e H(eq)(Σ−1

x +(H(eq))′Σ−1
e H(eq))−1]

· (H(eq))′Σ−1
e (18)

where Σx = E[x(eq) · (x(eq))′], Σe = E[(n(eq) + q(CQ)) ·
(n(eq) + q(CQ))′]. Since n(eq) and q(CQ) are independent,
Σe = E[(n(eq)) · (n(eq))′] + E[q(CQ) · (q(CQ))′].

The error covariance matrix for estimating x(eq) using
W(LMMSE) can be written as

Σd =Σx−Σx(H(eq))′(H(eq)Σx(H(eq))′+Σe)−1H(eq)Σx.

(19)

Recall that zi[k] is a summation of Qi

Di
independent random

variables from yi,t. Each component in yi,t approximates
Gaussian distribution due to it’s the summation of signals
transmitted from N TDs through independent channels. If both
Qi

Di
and N are not big enough, the quantization noise power

obtained in (14) which relies on the Gaussian assumption is
less accurate. The W(LMMSE) obtained in (18) also loses
part of the optimality.

By (18), the calculation of W(LMMSE) becomes difficult
as the number of antennas increases. Under this condition,
similar to that in the massive MIMO, some simple weight
vector design such as maximum-radio combining (MRC) is
effective. The MRC weight vector design is

W(MRC) = Λ · (H(eq))′ (20)

where Λ is a diagonal matrix with Λi,i = 1

(h
(eq)
i )′·h(eq)

i

and

h(eq)
i is the i-th column of H(eq).
To gain a better understanding of the performance of the

symbol detection, let x[s] denote the symbol transmitted by
the TD i at time j, i.e., s = (j − 1) ∗ F + i. The x̂(eq)[s] can
be written as

x̂(eq)[s] = wH
s z̃

= wH
s

(
H(eq)x(eq) + n(eq) + q

)

= wH
s h(eq)

s x(eq)[s] + wH
s

N∗F∑

k=1
k �=s

h(eq)
k x(eq)[k]

+wH
s

(
n(eq) + q

)

= wH
s h(eq)

s x(eq)[s]

+wH
s

⎛

⎝
(i−1)∗F∑

k=1

h(eq)
k x(eq)[k]

+
N∗F∑

k=i∗F+1

h(eq)
k x(eq)[k]

)

+wH
s

i∗F∑

k=(i−1)F+1
k �=s

h(eq)
k x(eq)[k] + wH

s

(
n(eq)+q

)

(21)

where wH
s is the s-th row of W, which can be either

W(LMMSE) or W(MRC). The first term in the last equality
of (21) is the intended signal, the second term is inter-
transmission interference (ITI) that caused by the transmis-
sion of other time instants, the third term is the inter-user
interference (IUI) that caused by the symbols transmitted by
other TDs at the same time instant, and the last term is noise
which is the sum of the received AWGN and the quantization
noise.

The signal power can be written as

Psig = EX [‖wH
s h(eq)

s x(eq)[s]‖2]

= αs‖wH
s h(eq)

s ‖2 (22)

where αs = E[‖x(eq)[s]‖2] is the power of x(eq)[s]. In this
work, we assume that the transmitting power of all the
symbols αs’s are predetermined before the transmission and
the information is available in the BBUs.

Accordingly, the power of the ITI and the IUI can be written
as

Piti

=EX [

∥∥∥∥∥∥
wH

s

⎛

⎝
(i−1)∗F∑

k=1

h(eq)
k x(eq)[k] +

N∗F∑

k=i∗F+1

h(eq)
k x(eq)[k]

⎞

⎠

∥∥∥∥∥∥

2

]

=
(i−1)∗F∑

k=1

αk‖wH
s h(eq)

k ‖2 +
N∗F∑

k=i∗F+1

αk‖wH
s h(eq)

k ‖2 (23)
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Fig. 4. The ITI and IUI power decrease as more antennas are available.

and

Piui = EX [

∥∥∥∥∥∥∥∥
wH

s

i∗F∑

k=(i−1)F+1
k �=s

h(eq)
k x(eq)[k]

∥∥∥∥∥∥∥∥

2

]

=
i∗F∑

k=(i−1)F+1
k �=s

αk‖wH
s h(eq)

k ‖2. (24)

The power of the noise can be written as

Pnoise = E[‖wH
s (n(eq) + q)‖2]

= wH
s σews. (25)

By combining (22) to (25), the SINR of the symbol x(eq)[s]
can be written as

SINR =
Psig

Piti + Piui + Pnoise
. (26)

From the analysis above, compared with the signal detection
using yi’s, we can see extra interference ITI in (23) is created
by overlapping the baseband signal of multiple time instants,
which makes the detection of the symbol x(eq)[s] more dif-
ficult than using the original baseband signal. On the other
hand, by applying the compressive quantization, each individ-
ual value in zi is allocated more bits, and in consequence
the quantization noise power in (4) is reduced. Therefore,
the compressive quantization scheme reduces the quantization
noise power at the cost of introducing extra interference power.

In this work, since all the RRHs are equipped with multiple
antennas, the total number of antennas can be quite large, and
the C-RAN system is in essence a virtual massive MIMO.
In a massive MIMO system, it had been shown that when
more antennas are available, the channel information vectors
of multiple users are near orthogonal to each other, and the
interference power diminishes [2], [3]. This phenomenon is
also observed in this work. As shown in Fig. 4a and Fig. 4b
where Qi = 16 for i = 1, 2, · · · , M , we increase the total
number of antennas by deploying more RRHs. Both the ITI

power and IUI power diminishes for different D’s using the
LMMSE weight vectors. Moreover, since Qi and B

(CQ)
i does

not change for each RRH, the quantization noise power does
not increase according to (14) and (15). As a result, the SINR
in (26) is improved. In other words, the proposed compressive
quantization scheme transforms the quantization power into
interference power, which can be tackled in the BBUs by
the corresponding weight vectors, especially when there are
massive antennas available.

C. The Parallel Interference Cancellation

In last subsection, we introduce the weight vectors to
detect the symbols transmitted by the TDs from the com-
pressive quantized baseband signals. The weight vectors are
constrained in the linear domain. In this subsection, we go
one step beyond by using the parallel interference cancellation
method to further mitigate the interference, which is in the
non-linear domain.

Unlike the AWGN and the quantization noise, the inter-
ference terms in (23) and (24) have their own structures,
which can be further explored to improve the accuracy of the
detection. Since the channel information H(eq) is available
in the BBUs, the ITI and IUI can be reconstructed and
isolated from the intended signal if the relevant transmitted
symbols are available. More specifically, the symbols initially
detected by using the weight vectors are used to generate
the approximate interference terms in (23) and (24), which
are then subtracted from the original baseband signal in (21).
After that, the updated estimator is employed to detect each
symbol. In the following, the steps for the parallel interference
cancellation scheme will be introduced. Without loss of gener-
ality, we assume that transmitted symbols are modulated using
QPSK, while the proposed algorithm can be easily extended
to other modulations.

The initially detected symbol x̄(eq)[s] can be written as

x̄(eq)[s] = sign(Re(x̂(eq)[s])) + sign(Im(x̂(eq)[s])) ∗ j

(27)
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where x̂(eq) is obtained using either LMMSE or MRC weight
vectors.

Next, we generate the ITI and IUI cancellation vectors for
symbol x[s].

IT I[s] =

⎛

⎝
(i−1)∗F∑

k=1

h(eq)
k x̄(eq)[k] +

N∗F∑

k=i∗F+1

h(eq)
k x̄(eq)[k]

⎞

⎠

(28)

IUI[s] =
i∗F∑

k=(i−1)F+1
k �=s

h(eq)
k x̄(eq)[k] (29)

Since the ITI and IUI cancellation vectors only depend
on the initial detected symbols x̄(eq), the calculation can be
done in parallel for each symbol x[s]. When the ITI and IUI
cancellation vectors are available, they are subtracted from the
orignal baseband signal, which can be written as

z̃(IC)[s] = z̃[s] − IT I[s]− IUI[s]. (30)

When z̃(IC) is obtained, the ITI and IUI are eliminated from
the original baseband signal1 z̃, and we can use the simple
MRC weight vector [26] to update the corresponding trans-
mitted symbols. The updated estimated symbol x̂(eq,IC)[s] is
calculated as

x̂(eq,IC)[s] = m′
sz̃

(IC) (31)

where ms = h(eq)
s is the weight vector for symbol x(eq)[s].

The detected symbols are updated using x̂(eq,IC). More specif-
ically,

x̄(eq,IC)[s]
= sign(Re(x̂(eq,IC)[s])) + sign(Im(x̂(eq,IC)[s])) ∗ j.

(32)

The steps for the parallel interference cancellation based
symbol updating are summarized in Algorithm 1.

Algorithm 1 Parallel Interference Cancellation Based Symbol
Updating
1 Make the initial decision using (27)
2 Generate the approximate IUI and ISI terms

using (28) and (29)
3 Subtract the IUI and ISI terms from the original

baseband signal using (30)
4 Update the symbols using (31) and (32)

With this algorithm, we can further leverage the advantages
of the C-RAN architecture to improve the detection accuracy
of each symbol: the BBUs are empowered by high perfor-
mance computing, and holds the necessary information that
enables us to perform the algorithm.

Looking at the overall compressive quantization and detec-
tion process, we can see it is tailored for the C-RAN archi-
tecture. As illustrated in Fig. 3, the compressive quantization

1There are residue IUI and ISI power due to the errors in determining x̄(eq) ,
which can be ignored if the original BER is not too high.

happens at the RRH side, which is as simple as possible so
that the advantage of low deployment cost of the C-RAN
architecture is preserved. The receiver design and the parallel
interference happen in the BBUs where high performance
computing power and the necessary information are readily
available. The time complexity of the computing is dominated
by the design of LMMSE receiver, which is O(N3F 3). The
space complexity is dominated by the memory required to
store the H(eq), which is O(N ∗ F ∗ ∑M

i=1 Qi).
When compared with the spatial filter method proposed

in [22], the compressive quantization has advantage in terms of
complexity. The RRH side uses the overlap and sum method,
which is O(n) complexity compared with the the spatial filter
where it’s O(n2) due to matrix multiplication. Moreover, since
the filter design is usually done in the BBU side, the spatial
filter causes additional overhead in the front-haul links. In the
BBUs, the complexity of both schemes are O(n3) due to
the matrix inversion in calculating the MMSE or LMMSE
estimators.

IV. APPLICATION TO THE OFDM BASED C-RAN

In section III, we have proposed the compressive quantiza-
tion algorithm which applies to the single tap channel. Due
to the rapid growth of demand for wireless communications,
larger bandwidth are being utilized. Typically, with larger
bandwidth, the traffic load in the front-haul link will increase
due to higher sampling rate. In this section, we apply the
proposed algorithm to the uplink of OFDM based C-RAN,
which significantly reduces the traffic load in the front-haul
links caused by increasing the bandwidth.

We consider the uplink of OFDM based multi-antenna
C-RAN where the TDs use OFDMA [27] to access the
wireless medium. Assume that all the TDs are equipped with
a single antenna while RRH i is equipped with Qi antennas
where Qi > 1. All the RRHs work in the same spectrum.
Each TD maps the symbols to the allocated subcarriers before
adding the cyclic prefix and transmitting them. Without loss
of generality, we assume that the transmitted signal is received
by all the RRHs.

Note that the OFDM based RRHs setting does not make
any assumption on the subcarrier allocations among TDs.
Therefore, it can work for both the orthogonal subcarrier
allocations such as OFDMA in 4G wireless communications,
as well as the non-orthogonal multiple access (NOMA) [28]
in 5G communications.

At the RRH side, for the baseband signal received by
each antenna, the cyclic prefix is removed and the fast
Fourier transform (FFT) is periodically performed. We define
a cycle as the time between two consecutive FFTs. As shown
in Fig. 5, after the FFT, the baseband signal of the same
subcarrier from all the antennas are collected in vi,c,t =
[vi,c,t[1],vi,c,t[2], · · · ,vi,c,t[Qi]]T where vi,c,t[k] denotes the
component in the subcarrier c of the k-th antenna of RRH i
at the t-th cycle.

By the special property of OFDM in transforming mul-
tipath channel into a number of equivalent interference-free
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Fig. 5. An example of re-organizing the baseband signal with Qi = 8.

subchannels [29], vi,c,t[k] can be written as

vi,c,t =

⎡

⎢⎢⎢⎣

gi,c,t[1]
gi,c,t[2]

...
gi,c,t[Qi]

⎤

⎥⎥⎥⎦xc + ni,c,t � gi,c,txc + ni,c,t (33)

where xc is the value transmitted in the subcarrier c, gi,c[k]
is the equivalent channel impulse response on subcarrier c
between the k-th antenna of RRH i and the TD which the
subcarrier is allocated to at cycle t. ni,c,t is the noise at RRH
i in subcarrier c at cycle t. It is shown that an equivalent
channel is established in the subcarrier c.

As the system utilizes larger bandwidth, there are more
subcarriers and thus more vi,c,t’s are obtained at each cycle.
Directly transmitting them through the limited capacity front-
haul to the BBUs becomes difficult. To tackle this problem,
we apply the proposed compressive quantization and detection
scheme to the system. Instead of transmitting the baseband
signal vi,c,t’s separately, we partition them into multiple
groups and apply the compressive quantization to the baseband
signals within each group. More specifically, let βr denote the
set of subcarriers in group r and the cardinality of βr is Nr,
then we can calculate the baseband signal ur

i,t for the group
r of the i-th RRH at cycle t, which can be written as

ur
i,t =

∑

c∈βr

vi,c,t

=
∑

c∈βr

gi,c,txc +
∑

c∈βr

ni,c,t

= [gi,1,tgi,2,t · · ·gi,Nr,t]

⎡

⎢⎢⎢⎣

x1

x2

...
xNr

⎤

⎥⎥⎥⎦ +
∑

c∈βr

ni,c,t

� Gi,txt + ni,t. (34)

Since (34) is equivalent to (1), the proposed compressive
quantization scheme can be applied to each group, and all
the subcarrier components can be recovered at the BBUs by
performing the weight vectors and the parallel interference
cancellation schemes for each group.

By applying the compressive quantization, the baseband
signals are reduced in both frequency and time domain. Com-
pared with directly transmitting the baseband signals through
the front-haul links, the baseband signals corresponding to
different subcarriers do not need to be transmitted separately.
As a result, the traffic load in the front-haul links caused by
adopting larger bandwidth is less severe.

To illustrate this effect, we analyze the front-haul traffic
load for the proposed method. For RRH i, since the baseband
signal for each group is transmitted separately, we just analyze
the baseband signal for one group. Assume the bandwidth
utilized in the system is J Hz, which is corresponding to S
subcarriers. Then the rate of each baseband component vr

i,c,t is
J
S Hz, i.e., the separation between ur

i,t and ur
i,t+1 is S

J seconds.
Assume Ui bits are used for each individual value of the signal
reduced using delay-and-add, the group r of RRH i requires
(Qi +(F −1)Di)Ui bits in SF

J seconds. Therefore, the traffic
load in the front-link is

Ci =
(Qi + (F − 1)Di)Ui

SF
J

=
(Qi + (F − 1)Di)Ui

F
· J

S

≈ DiUi · J

S
(35)

where the approximation is due to the fact that the frame length
F is always much larger than Qi.

Typically, the number of subcarriers S increases with the
utilized bandwidth J and J

S keeps constant. Therefore, if Di

keeps constant, the traffic load in the front-haul link only
depends on Ui. If Ui also keeps constant, the traffic load in the
front-haul link keeps constant independent of the bandwidth J
adopted. In fact, when larger bandwidth is used, there are more
subcarriers in each group. As a result, more raw baseband
signal components are added together and the dynamic range
increases. Larger Ui is required for each value and the traffic
load in the front-haul link grows accordingly. However, as will
be shown in section V, Ui only increases slightly as J increase
to maintain good performance. Therefore, the proposed com-
pressive quantization scheme facilitates the usage of larger
bandwidth in the OFDM based multi-antenna C-RAN system.

V. NUMERICAL RESULTS

In this section, we use numerical results to illustrate the
effectiveness of the proposed scheme. We first evaluate the
performance of the proposed compressive quantization scheme
under the single tap channel model. It is shown that the
proposed scheme is better than existing schemes in tackling
the front-haul link capacity deficit. The performance gap
between LMMSE and MRC weight vectors are also inves-
tigated. It is shown that the gap decreases with more antennas
available or by performing the proposed parallel interference
cancellation scheme. We further evaluate the performance
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Fig. 6. The Average SINR and MSE of C = 1.2 Gb/s.

of the proposed scheme to the OFDM based C-RAN under
multipath channel. It is shown that the proposed scheme can
facilitate the C-RAN utilize larger bandwidth with limited
front-haul capacity.

A. Performance of The Proposed Scheme Under Single-Tap
Channel

Suppose there are N TDs and M RRHs distributed in
an area where each TD is equipped with a single antenna,
while each RRH is equipped with multiple antennas and has
limited front-haul capacity. All the TDs and RRHs work in the
same spectrum. All the TDs simultaneously transmit the signal
through the wireless medium to all the RRHs. Each RRH
receives a mixture of the signal transmitted by all the TDs.
Assume there is no large scale fading. The baseband signal
is processed at each RRH using the compressive quantization
scheme proposed in this paper before it is transmitted through
the front-haul links to the BBUs where the LMMSE weight
vector proposed in (18) is applied to detect the symbols
transmitted by all the TDs. In this experiment, all the antennas
at all RRHs are actively receiving signals from all TDs at
all time instants. There is no assumption on sparsity of the
received baseband signals.

In the first experiment, the bandwidth is 10 MHz, and the
signal to noise ratio (SNR) is 10 db,2 the number of TDs is
N = 30. We fix Qi = 16 and vary the number of RRHs
so as to change the total number of antennas T . We run the
experiment over multiple channel realizations where the h

(k)
i,j ’s

are drawn from independent complex Gaussian distributions
and calculate the average SINR and MSE. In Fig. 6 through
8, we show the average SINR and MSE of each single TD
using LMMSE weight vectors under various per front-haul
link capacities.

We use Di = D, ∀i in this experiment and change the
parameter D so as to adjust the interference power and the

2Typically, the AWGN is composed of the environmental noise, the device
thermal noise and the quantization noise caused by the ADC. In this work,
even with 8-bit commodity ADC, the quantization noise power is approxi-
mately 1

10000
of the signal power. Therefore, the 10 db SNR is compatible

with commodity ADC.

quantization noise. It is shown that for each of the D, the SINR
of each TD improves as more antennas are available where
the interference power is mitigated. Moreover, the theoretical
values of MSE in (19) match well with the experimental
values.

We continue to look at Fig. 9 for a special experiment.
In this experiment, the SNR is 15 db while all the other
parameters are the same as the experiments shown in Fig. 6
through 8. We can observe from Fig. 9 that the curve D = 4
starts to outperform the D = 8 curve when the front-haul
link capacity is 0.4 Gb/s, while the D = 8 setting works
better when the front-haul link capacity is relatively higher.
It is because that the D = 4 setting reduces the baseband
signal into less values than D = 8, and thus each individual
value can use more bits. On the other hand, the interference
becomes more severe at D = 4. Therefore, when the front-haul
link capacity is low, smaller D is beneficial in suppressing the
quantization noise power. When the front-haul link capacity
is relatively high, larger D is beneficial in creating less inter-
ference power. In other words, the proposed scheme provides
the flexibility in the tradeoff between the quantization noise
and interference. The spatial filtering method proposed in [22]
is an example where no such flexibility is provided since
the baseband signal of multiple time instants are transmitted
separately. It is shown in Fig. 6 through 9 that it does not
perform well when the front-haul link capacity is low.

We further apply the interference cancellation method pro-
posed in section III-C to the multi-RRH uplink system.
All the 30 TDs use QPSK as the modulation. As shown
in Fig. 10a through 10c, the interference cancellation scheme
improves the BER when the original BER is not too high.
Moreover, it is observed that the improvement of BER is
more significant in the compressive quantization scheme than
in the spatial filtering scheme in [22]. The reason is that the
compressive quantization scheme transforms the quantization
noise power into interference power. Unlike the quantization
noise, the interference has its own structure and can be further
suppressed by the interference cancellation scheme.

It can be seen from (18) that as the total number of antennas
increases, the calculation of W(LMMSE) becomes difficult.
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Fig. 7. The Average SINR and MSE of C = 1.0 Gb/s.

Fig. 8. The Average SINR and MSE of C = 800 Mb/s.

Fig. 9. Comparing the choice of D.

On the other hand, when there are significantly more antennas
than users, the entire system becomes a virtual massive MIMO
and the basic MRC weight vectors become effective. As the
performance gap between the LMMSE and MRC weight
vectors have been observed in [30] and [23], we compare the
performance of the LMMSE and MRC weight vectors in the

proposed system under the condition Qi = 16 an N = 10.
The front-haul capacity C = 0.6 Gb/s is used. The symbols
are modulated using QPSK.

As shown in Fig. 11a and Fig. 11b, the performances of the
LMMSE weight vectors and the MRC weight vectors get close
as more antennas are available. In other words, with massive
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Fig. 10. Comparing BER performance with different front-haul capacity.

Fig. 11. Comparing BER performance with different number of antennas.

antennas, while calculating W(LMMSE) becomes difficult,
it can be replaced by W(MRC) that is much easier to obtain.

Another way to bypass the difficulty in calculating
W(LMMSE) is to use the proposed parallel interference can-
cellation (PIC) scheme. By comparing Fig. 11a and Fig. 11c,
the system performance is improved by performing PIC for
both LMMSE and MRC weight vectors without changing the
number of antennas. Moreover, the performance gap is reduced
after the PIC. The reason is that the PIC cancels much of the
interference which the MRC weight vectors are not able to
deal with as well as the LMMSE weight vectors do.

B. Application to The OFDM Based Multi-Antenna C-RAN
Under Multipath Channel

Next, we apply the proposed scheme to the OFDM based
broadband uplink system. In this experiment, each RRH is
equipped with 8 antennas. The bandwidth of the system is 20
MHz, which is corresponding to 1200 subcarriers. We group
the 1200 subcarriers into 40 groups with 30 subcarriers in
each group. The bits are allocated equally among all groups.
Within each group, the baseband signals within each group
are processed using the compressive quantization proposed
in section IV and the LMMSE weight vectors are used in
the BBUs. In Table I, the EVM [31] performance under
different modulations and front-haul capacities are presented.
It is shown that even with the 40 Mb/s front-haul link
capacity which is relatively low, the EVM performance is

TABLE I

THE EVM OF THE COMPRESSIVE QUANTIZATION SCHEME

APPLIED TO THE OFDM BASED C-RAN

satisfactory. In contrast, typically, at 20 MHz bandwidth,
even the single-antenna RRH has to use fiber optics with
multiple Gb/s capacity to have satisfactory performance [32].
It is due to the fact that the baseband signals from multiple
subcarriers and multiple time instants are combined together
and transmitted in the front-haul links, which alleviates a
lot of traffic load in the front-haul links. This phenomenon
is similar to the “time-reversal tunneling effect” observed
in [17] where the unique spatial and temporal focusing effects
of time-reversal communication make it possible to detect
the symbols transmitted by multiple TDs from the blended
baseband signals. In this work, the spatial diversity provided
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Fig. 12. The comparison of traffic load in front-haul link between CPRI and
compressive quantization.

by the large number of available antennas help the BBUs
effectively detect the symbols transmitted by the TDs from
the compressive quantized baseband signal.

To further illustrate the advantage of the compressive quanti-
zation scheme, we compare the growth of the front-haul traffic
load in the front-haul links. In this experiment, instead of
using fixed bandwidth, we gradually change the bandwitdh
from 5 MHz to 20 MHz. Let φ(CQ)(J) and φ(CPRI)(J)
denote the traffic load in each front-haul link for bandwidth
J using compressive quantization and the CPRI compres-
sion [33] under the condition that the EVM is below 5%
with QPSK modulation. We plot the normalized traffic load for
each compression scheme where ε(CQ)(J) = φ(CQ)(J)

φ(CQ)(J)|J=5MHz

and ε(CPRI)(J) = φ(CP RI)(J)
φ(CP RI)(J)|J=5MHz

. As shown in Fig. 12,
the traffic load for the system using compressive quantization
grows slower than that using the CPRI compression. The
reason is that the compressive quantization scheme allows
the baseband signals in multiple subcarriers to be combined
together and transmitted.

VI. CONCLUSION

In this work, we propose the compressive quantization and
symbol detection scheme for the uplink of multi-antenna cloud
radio access network (C-RAN) to tackle the limited front-haul
capacity challenge. The proposed scheme is tailored to the
C-RAN architecture in that the complexity of the compressive
quantization which happens in the remote radio head (RRH)
is low and can be implemented using basic buffering and
adding operations, due to which the low deployment cost
feature of the C-RAN is preserved and massive antennas can
be utilized by deploying multiple RRHs. With the spatial
diversity provided by the massive antennas, the baseband units
(BBUs) are able to efficiently detect the symbols transmitted
by the terminal devices (TDs) from the compressive quantized
baseband signal. Numerical results show that the proposed
scheme is efficient for the multi-antenna C-RAN in tackling
the front-haul capacity deficit challenge. We further extend the

proposed scheme to the OFDM based multi-antenna C-RAN.
It is also shown that the proposed scheme can facilitate the
OFDM based C-RAN utilize larger bandwidth with limited
front-haul capacity.

REFERENCES

[1] A. Osseiran et al., “The foundation of the mobile and wireless
communications system for 2020 and beyond: Challenges, enablers
and technology solutions,” in Proc. IEEE 77th Veh. Technol. Conf.
(VTC Spring), Jun. 2013, pp. 1–5.

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

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

[4] J. Hoydis, S. ten Brink, and M. Debbah, “Massive MIMO in the UL/DL
of cellular networks: How many antennas do we need?” IEEE J. Sel.
Areas Commun., vol. 31, no. 2, pp. 160–171, Feb. 2013.

[5] A. L. Moustakas, S. H. Simon, and A. M. Sengupta, “MIMO capacity
through correlated channels in the presence of correlated interferers and
noise: A (not so) large N analysis,” IEEE Trans. Inf. Theory, vol. 49,
no. 10, pp. 2545–2561, Oct. 2003.

[6] “C-RAN: The road towards green RAN,” ChinaMobile,
Beijing, China, White Paper, Oct. 2011. [Online]. Available:
https://ieeexplore.ieee.org/document/8039203/

[7] M. Webb, Z. Li, P. Bucknell, T. Moulsley, and S. Vadgama, “Future evo-
lution in wireless network architectures: Towards a ‘cloud of antennas,”’
in Proc. IEEE Veh. Technol. Conf. (VTC Fall), Sep. 2012, pp. 1–5.

[8] C.-L. I, J. Huang, R. Duan, C. Cui, J. Jiang, and L. Li, “Recent
progress on C-RAN centralization and cloudification,” IEEE Access,
vol. 2, pp. 1030–1039, 2014.

[9] Y. D. Beyene, R. Jäntti, and K. Ruttik, “Cloud-RAN architecture for
indoor DAS,” IEEE Access, vol. 2, pp. 1205–1212, Oct. 2014.

[10] R. Wang, H. Hu, and X. Yang, “Potentials and challenges of C-RAN
supporting multi-RATs toward 5G mobile networks,” IEEE Access,
vol. 2, pp. 1187–1195, 2014.

[11] Y. Zhou and W. Yu, “Optimized backhaul compression for uplink cloud
radio access network,” IEEE J. Sel. Areas Commun., vol. 32, no. 6,
pp. 1295–1307, Jun. 2014.

[12] X. Rao and V. K. N. Lau, “Distributed fronthaul compression and joint
signal recovery in cloud-RAN,” IEEE Trans. Signal Process., vol. 63,
no. 4, pp. 1056–1065, Feb. 2015.

[13] S.-H. Park, O. Simeone, O. Sahin, and S. Shamai (Shitz), “Inter-cluster
design of precoding and fronthaul compression for cloud radio access
networks,” IEEE Wireless Commun. Lett., vol. 3, no. 4, pp. 369–372,
Apr. 2014.

[14] B. Dai and W. Yu, “Sparse beamforming and user-centric cluster-
ing for downlink cloud radio access network,” IEEE Access, vol. 2,
pp. 1326–1339, Oct. 2014.

[15] O. Simeone, O. Somekh, H. V. Poor, and S. Shamai (Shitz), “Downlink
multicell processing with limited-backhaul capacity,” EURASIP J. Adv.
Signal Process., vol. 2009, pp. 3:1–3:10, Feb. 2009. [Online]. Available:
https://dl.acm.org/citation.cfm?id=1598770

[16] R. Zakhour and D. Gesbert, “Optimized data sharing in multicell MIMO
with finite backhaul capacity,” IEEE Trans. Signal Process., vol. 59,
no. 12, pp. 6102–6111, Dec. 2011.

[17] H. Ma, B. Wang, Y. Chen, and K. J. R. Liu, “Time-reversal tunneling
effects for cloud radio access network,” IEEE Trans. Wireless Commun.,
vol. 15, no. 4, pp. 3030–3043, Apr. 2016.

[18] B. Wang, Y. Wu, F. Han, Y. H. Yang, and K. J. R. Liu, “Green
wireless communications: A time-reversal paradigm,” IEEE J. Sel. Areas
Commun., vol. 29, no. 8, pp. 1698–1710, Sep. 2011.

[19] Y. Chen et al., “Time-reversal wireless paradigm for green Internet of
Things: An overview,” IEEE Internet Things J., vol. 1, no. 1, pp. 81–98,
Feb. 2014.

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

[21] S. Park, C.-B. Chae, and S. Bahk, “Before/after precoding massive
MIMO systems for cloud radio access networks,” J. Commun. Netw.,
vol. 15, no. 4, pp. 398–406, Aug. 2013.

[22] L. Liu and R. Zhang, “Optimized uplink transmission in multi-antenna
C-RAN with spatial compression and forward,” IEEE Trans. Signal
Process., vol. 63, no. 19, pp. 5083–5095, Oct. 2015.



4198 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 66, NO. 9, SEPTEMBER 2018

[23] F. A. de Figueiredo, J. P. Miranda, F. L. Figueiredo, and
F. A. Cardoso. (2015). “Uplink performance evaluation of massive MU-
MIMO systems.” [Online]. Available: https://arxiv.org/abs/1503.02192

[24] B. Widrow and I. Kollár, Quantization Noise: Roundoff Error in
Digital Computation, Signal Processing, Control, and Communications.
Cambridge, U.K.: Cambridge Univ. Press, 2008. [Online]. Available:
https://books.google.com/books?id=8q-xcGeEJDwC

[25] B. Hajek, Random Processes for Engineers. Cambridge, U.K.:
Cambridge Univ. Press, 2015. [Online]. Available: https://books.
google.com/books?id=76uwBgAAQBAJ

[26] K. J. R. Liu, A. K. Sadek, W. Su, and A. Kwasinski, Cooperative
Communications and Networking. Cambridge, U.K.: Cambridge Univ.
Press, 2009.

[27] M. Morelli, “Timing and frequency synchronization for the uplink of an
OFDMA system,” IEEE Trans. Commun., vol. 52, no. 2, pp. 296–306,
Feb. 2004.

[28] M. Al-Imari, P. Xiao, M. A. Imran, and R. Tafazolli, “Uplink non-
orthogonal multiple access for 5G wireless networks,” in Proc. 11th Int.
Symp. Wireless Commun. Syst., Aug. 2014, pp. 781–785.

[29] O. Edfors, M. Sandell, J.-J. Van De Beek, S. K. Wilson, and
P. O. Borjesson, “OFDM channel estimation by singular value decom-
position,” IEEE Trans. Commun., vol. 46, no. 7, pp. 931–939, Jul. 1998.

[30] K. T. Truong and R. W. Heath, Jr., “The viability of distributed antennas
for massive MIMO systems,” in Proc. 47th Asilomar Conf. Signals, Syst.
Comput., Monterey, CA, USA, Nov. 2013, pp. 1318–1323.

[31] R. A. Shafik, M. S. Rahman, and A. H. M. R. Islam, “On the extended
relationships among EVM, BER and SNR as performance metrics,”
in Proc. Int. Conf. Elect. Comput. Eng. (ICECE), Dec. 2006,
pp. 408–411.

[32] J. Lorca and L. Cucala, “Lossless compression technique for the fron-
thaul of LTE/LTE-advanced cloud-RAN architectures,” in Proc. IEEE
14th Int. Symp. Workshops World Wireless, Mobile Multimedia Netw.
(WoWMoM), Jun. 2013, pp. 1–9.

[33] B. Guo, W. Cao, A. Tao, and D. Samardzija, “LTE/LTE-A signal
compression on the CPRI interface,” Bell Labs Tech. J., vol. 18, no. 2,
pp. 117–133, Sep. 2013.

Hang Ma (M’17) received the B.S. degree in infor-
mation engineering from Northwestern Polytechni-
cal University, Xi’an, China, in 2010, and the Ph.D.
degree in electrical engineering from the University
of Maryland at College Park, College Park, MD,
USA, in 2016. His research interests include wireless
communication and signal processing. He received
the honor of Outstanding Graduate of Northwestern
Polytechnical University in 2010.

Beibei Wang (SM’15) received the B.S. degree in
electrical engineering (Hons.) from the University of
Science and Technology of China, Hefei, in 2004,
and the Ph.D. degree in electrical engineering from
the University of Maryland at College Park, College
Park, MD, USA, in 2009. She was with the Uni-
versity of Maryland at College Park as a Research
Associate from 2009 to 2010. She was with Qual-
comm Research and Development from 2010 to
2014. Since 2015, she has been with Origin Wireless
Inc., where she is currently a Chief Scientist. Her

research interests include wireless communications and signal processing.
She received the Graduate School Fellowship, the Future Faculty Fellowship,
and the Deans Doctoral Research Award from the University of Maryland at
College Park, and the Overview Paper Award from the IEEE Signal Processing
Society in 2015. She is a co-author of the Cognitive Radio Networking and
Security: A Game-Theoretic View (Cambridge University Press, 2010).

K. J. Ray Liu (F’03) was named a Distinguished
Scholar-Teacher with the University of Maryland at
College Park in 2007, where he is a Christine Kim
Eminent Professor of Information Technology. He
leads the Maryland Signals and Information Group
conducting research encompassing broad areas of
information and communications technology with
recent focus on wireless AI.

Dr. Liu is a fellow of the AAAS. He was
recognized by Web of Science as a Highly Cited
Researcher. He was a recipient of the 2016 IEEE

Leon K. Kirchmayer Award on graduate teaching and mentoring, the IEEE
Signal Processing Society 2014 Society Award, the IEEE Signal Processing
Society 2009 Technical Achievement Award, and over a dozen of best paper
awards. His invention of the Time-Reversal Machine by Origin Wireless Inc.,
received the 2017 CEATEC Grand Prix Award.

Dr. Liu is the IEEE Vice President, Technical Activities-Elect. He was
the President of the IEEE Signal Processing Society, where he has served
as the Vice President-Publications and Board of Governors, and as a member
of the IEEE Board of Directors as a Division IX Director. He has also served
as the Editor-in-Chief of the IEEE Signal Processing Magazine.

Dr. Liu has received teaching and research recognitions from the University
of Maryland, including the university-level Invention of the Year Award; and
the college-level Poole and Kent Senior Faculty Teaching Award, the Out-
standing Faculty Research Award, and the Outstanding Faculty Service Award,
all from A. James Clark School of Engineering.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

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


