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Abstract—Multiuser Multiple input multiple output (MIMO)
systems are now having more and more radio frequency (RF)
chains, with larger capacity and at the same time higher energy
consumption. With random data arrival, it is desired to turn off
RF chains to save energy according to the traffic variations. In
this paper a low-complexity traffic-aware scheme is proposed,
whereby RF chains and users are selected at each frame based
on the channel quality and the data queue-length. Particularly,
the number of active RF chains is determined by comparing the
current queue-length to the predefined thresholds, the values of
which are able to control the tradeoff between the energy saving
and quality of service, i.e., delay. Simulation results show that the
proposed scheme saves more energy compared with conventional
schemes which is designed regardless the traffic variations, and
the saving gain increases when the average traffic load decreases.

Index Terms—Energy efficiency, multiuser MIMO, RF chain
sleeping, user scheduling.

I. INTRODUCTION

Multiuser MIMO systems are attractive for mobile net-
works, since it achieves a promising capacity gain without
an increase in the transmitting power, such as Massive MIMO
systems [1]. However, the energy consumption increases due
to the increased number of radio frequency (RF) circuits.
It is predicted that the energy consumption of RF chains
will dominate the energy consumption of transmissions, as its
number is extremely large [2]. On the other hand, the traffic
of a cell is dynamic, and there is a substantial amount of
time during which the system is underutilized [3] [4]. If all
RF chains are turned on regardless of the traffic variations,
there will be a significant energy waste when traffic load
is low. Therefore, it is desired to adjust the number of RF
chains according to the traffic variations without sacrificing
the Quality of Service (QoS).

In previous works, the circuit energy consumption is often
neglected for energy-efficient designs in MIMO systems until
Cui et. al. firstly investigated the energy efficiency of MIMO
systems with the static circuit power consumption [5]. They
show that MIMO systems with Alamouti code are not always
energy-efficient compared with single input single output
(SISO) systems. Then many works focused on energy-efficient
designs through link adaptation [2] [6] [7] [8]. In [2], a RF
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chain selection scheme is proposed to maximize the energy-
efficiency of a massive MIMO system by turning off the
unselected RF chains. By further considering the data rate
requirements, the number of RF chains is optimized in [6] for
MIMO-OFDMA systems, and the RF chain selection schemes
are proposed in [7] and [8] for multiuser MIMO systems and
cooperated BS transmissions respectively.

Previous RF chain adaptation schemes are commonly de-
signed according to the channel variations, and generally
ignore the traffic variations. Those schemes work well when
the data arrives constantly or the traffic load is very high.
However, if the adaptive scheme neglects the traffic variations,
a substantial amount of energy will be wasted when the
traffic load is low. Moreover, Active Antenna Array Systems
are proposed in 3GPP [9] recently, which provides better
support for the dynamic control of RF chains. Therefore, it is
worthwhile to investigate traffic-aware adaptive schemes for
better energy efficiency.

Notice that user selection should be jointly optimized with
RF chain selection. Because that some users may not have
buffered packets temporarily or can wait for longer time due
to the low data arrival rate. Therefore, in this paper, a low-
complexity traffic-aware RF chain and user selection scheme is
proposed. At the beginning of each frame, the sets of active RF
chains and users are selected based on both channel quality and
the queue-length. The variations of queue-length are actually
due to those control actions and the randomly arrived traffic.
When the queue-length is stabilized within a certain range, it
indicates that the control actions match with the traffic [10].
Therefore, the traffic pattern can be obtained by only observing
the variations of the queue-length.

In the proposed scheme, the number of active RF chains is
selected based on the comparison between the current queue-
length and predefined threshold values. Then, the set of active
RF chains is selected through maximizing the data rate of the
user who has the longest queue. At last, the users are selected
based on a greedy algorithm which aims to maximize the
rate-weighted-queue. The complexity of the proposed heuristic
policy is also analyzed. Moreover, simulation results indicates
that the performance of the proposed scheme saves much
more energy compared with previous traffic-unaware schemes,
especially for the cases with low average traffic load or large
traffic variations.

The rest of this paper is organized as follows. In section
II, the system model is described. In section III, a low-
complexity RF chain and user selection scheme is proposed.
The complexity of the scheme is also analyzed in this section.
Simulation results are shown in section IV. At last, section V



concludes this paper.

II. SYSTEM MODEL
A. Multiuser MIMO System

A downlink multiuser MISO system with one BS and K
single-antenna users is considered as shown in Fig. 1. There
are M RF chains at the BS. The set of all RF chains and
users are denoted by M and S respectively, where |[M| = M,
|S| = K, and | - | denotes the cardinality of a set. We
assume that each RF chain corresponds to one transmit antenna
and therefore we do not distinguish the transmit antenna
from RF chain in the sequel. The channel is assumed to
be a Rayleigh block-fading channel. The duration of one
transmission frame is assumed to be the duration of one block.
This assumption is also reasonable from the perspective of
practical systems. For example, a 100 km/hr mobile operating
at 2GHz has a fading interval of about 5 ms. On the other
hand, the minimum transmission slot of current LTE (Long-
Term Evolution) networks [11] is 1 ms which is smaller than
the fading interval. A transmission frame can be constructed
by multiple transmission slots. The channel gain matrix of one
frame is denoted by G = [g],gl,...gL.|T € CM*X where [|T
denotes the matrix transpose, and g, € C'*M denotes the
channel gain vector from all RF chains to user k£ which is the
product of the channel coefficient vector and the square root of
the path loss of user k. The perfect channel state information
(CSI) is assumed to be known at the BS.

Denote the set of active RF chains as M,y C M and
|Ma| = m. The received signal of the k-th user is

K
Y = / PugWrsk + Z VPigwisi +ng, (1)
J=1,j#k

where w;, € C™*! is the beamforming weight vector, sy, is
the transmitted data symbol of user k£ on the downlink, Py is
the allocated power to user k, ny € C denotes the additive
white Gaussion noise with the zero mean and variance one,
and g, € C'*™ denotes the channel gain vector with the
active RF chains.

The zero-forcing beamforming (ZFBF) [12] is assumed.
The precoding vectors satisfy the zero-interference condition
g,w; =0, for j # k. Let G(Sa, Ma) = [g{...ngA|]T, where
Sa C S is the selected user set. The sum data rate is given by

R(Sa, Ma) = Y logy[1 + Pil, ()
keSa

where Eke Sa P, < P, P is the total transmitting power, and
1 _

_ 1 . .
Ve = ]2 (G MGG M) s 18 the effective
channel gain.

B. Power Consumption Model

According to [13] [14] [15], the energy consumption model
of a BS can be divided into three parts: the pre-transceiver part,
the transceiver part and the power amplifier part. In the pre-
transceiver part, the energy consumption is a constant value
which includes the energy consumption of cooling systems
and cable losses at the BS. This part of energy consumption
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Fig. 1. A Downlink multiuser MIMO system with RF chain sleeping and
user scheduling.

does not change when the number of RF chains is changed.
The transceiver part includes the circuit-energy consumption
of the transceiver except for the amplifier, such as the digital-
to-analog converter, the mixer, the transmission filter and the
synthesizer. The energy consumption of this part is highly
related to the operation mode. It is assumed that there are
three operation modes: Active mode, Non-active mode, and
Transient mode.

Active mode: All components of the transceiver circuit are
active.

Non-active mode: Only the synthesizer is working.

Transient mode: It occurs when the transmitter switches
between different modes such as sleep-to-active and active-
to-sleep. !.

For the last part, it includes the energy consumption of the
power amplifier and is determined by the transmitting power.

Therefore, the total energy consumption at frame ¢ is given
by

B (t) =7 [? +m(t) Pre + Pron-Act + Prix]
p 3)
:T[Z —+ m(t)PRF + Pc};
where 7 denotes the frame length, P is the total transmitting
power, ¢ denotes the efficiency of power amplifier, m(t) €
{0,1, ..., M'} denotes the number of active RF chains at frame
t, Prr denotes the power consumption of the transceiver circuit
except the energy consumed by the non-active mode and
the amplifier, Pyon.acc denotes the power consumption of the
transceiver circuit when it is in the non-active mode, Pgx is
the power consumption of cooling systems and cable losses
of the base station, and P. = Pon-act + FPrrx.
The energy consumption of the pre-transceiver part is
7 Prix; the energy consumption of the transceiver part is
T[m(t) Pre + Paon-act); the energy consumption of the power
amplifier part is T% When all RF chains are sleeping, the
total energy consumption equals to 7F.

C. Queueing Model
As shown in Fig. 1, the BS keeps a data queue with an
infinite buffer for each user, and thus there are totally K

I'Since the duration of the transient mode is very small, thus it is neglected
[15].



queues at the BS. User’s packets arrive randomly accord-
ing to a stationary and ergodic processes with mean A =
{A1, A2, ..., \k'}. The arrived data during frame ¢ is denoted
by a(t) = {a1(t),az(t),...,ax(t)}, where ax(t) denotes the
newly arrived data of user & during the ¢-th frame. Let Q ()
represents the number of bits buffered at the beginning of ¢-th
frame for user k. It is a non-negative value. At the beginning
of each frame, if there are no data for transmission, the BS
becomes idle and does not perform any transmissions. The
queue length of each user evolves as

Qr(t+1) = [Qr(t) —7e(t)]T +ar(t),Vk € {1,2,..., K}, (4)

where 7y (t) denotes the transmitted data per frame of user k
at frame ¢ and [x]™ is the operation of selecting the largest
value between x and 0.

III. Low-COMPLEXITY RF CHAIN AND USER SELECTION

In order to exploit the ERG, a heuristic traffic-aware RF
chain and user selection scheme is proposed which decides
the selection of RF chains and users at the beginning of each
frame. In the proposed scheme, the selection is accomplished
by three steps: 1. Decide the number of active RF chains;
2. Decide the set of active RF chains; 3. Decide the set of
scheduled users.

A. Decide the number of active RF chains

To decide the number of active RF chains, a threshold-
based policy is proposed. The basic idea is to select the
number of active RF chains based on the sum queue-length
of the system. When the sum of the queue-length increases,
the selected number of active RF chains should increase.
Otherwise, smaller number of active RF chains is selected.

The candidate set for selection is given by {0,1,..., M},
which includes all possible number of active RF chains.
Accordingly, there exists M threshold values denoted as

{01,02,...,91\/[}, where #; = 0 and 01 < 6y < ... < Opy.
The selection policy is defined as follows:
J= 100 <) Qult) < 6.,
k
m(t) = (5)

Vied{l,2,..M -1}
M | else

where m(t) is the selected number of active RF chains at
frame t.

The threshold values {61,6s,...,0y} are determined by
the QoS requirements of users. In this proposed policy, a
constant interval value is assumed v = 0,11 — 0;, Vj €
{1,2,...., M — 1}. The smaller value of v, the more active
RF chains is eagerly used even when the sum queue-length
is same. It indicates that a smaller value of v leads to a higher
QoS, but also a more energy consumption. In the following
sections, simulation results show that, when a larger value of
v is used, the system saves more energy, but it results in a
longer average queue-length.

B. Select the RF chain set and User set

For the selection of RF chains and users, the well-known
maximum weighted queue (MWQ) scheduling policy is used
[10]. This policy stabilizes the system whenever the data
arrival rate vector locates within the capacity region, i.e.,
the throughput optimal policy. Then, at the beginning of
each frame, based on the queue-length and channel state
information, the sets of RF chains and users are selected by
solving the following optimization problem.

SA(t%%T((t))eA{ Y Qult)ra(Salt), Ma(t))},

Pe<p kESA®)

(6)

kESA(t

where the expression of the data rate is shown in (2), and the
inner maximization is the power allocation which maximizes
the queue-weighted-rate which can be solved by iterative
water-filling algorithm [16]. Since the decisions is per-frame
based, the frame index ¢ is omitted in this section.

Then, define the set function U(Sx, Ma) as the following:

U(SAyMA) =
Zkgzial)?{kSP k; Qk 10g2(1 + Pk'yk), (SA,MA> ;A Q)
0, (Sa, Mp) =0,
(N

where (Sa, Ma) € A. The selected RF chains and users
should maximize this set function U(Sa, Ma) according to
MWQ scheduling policy.

1) RF Chain Selection: The selection of active RF chains
determines the spatial signal space which affects the transmis-
sion data rate of each user. Suppose all RF chains are active,
the channel gain vector g, = {gi,9%,...,9/"}, g, € C*M
can be seen as the coordinate of user k£ where he/she locates
in the spatial signal space. With the linear precoding, the
orthogonality of those selected users determines the data rates.
When some of RF chains are deactive by the selection scheme,
the spatial signal space is changed and the orthogonality
relationships between those selected users are changed. In
order to maximize the sum data rate, there are a lot of works
which aim to obtain the optimal set of active RF chains
with low complexity algorithms such as [17]. However, those
previous works do not work in our case. It is because that the
selection scheme of this paper is not only require to maximize
the sum data rate, but also the queue-length is required to be
jointly considered, as shown in (7).

Since the queue-length of each user can be seen as the
urgency of its transmissions, the users are actually weighted
by its own urgency. Thus, the users with larger weighted
value should have higher priority. This insight motivates the
heuristic scheme design. For the antenna selection, the antenna
set should maximize the data rate of the user with the longest
queue-length. This heuristic algorithm is shown as follows:

(a) The largest queue-length user is selected by k* =
arg maxy Q;

(b) The set of active RF chains is selected by maximizing
the data rate of user £* with the desired number of active RF
chains m which has been decided by (5).



2) User Selection: Upon deciding the set of active RF
chains, the objective function (7) is only determined by the
set of users. A greedy algorithm is proposed to select the set
of users, where one user is selected at a time among all of the
unselected users by maximizing the incremental contribution
of U(Sa, Ma4) until the number reaches m or the remaining
users can not provide any increments.

Suppose Sy C S and Sy C S, where S, = Sa U {j},
{j} € S and {j} N'Sa = (. The user selection scheme is as
follows:

(a) At each iteration, the user among all of the unselected
users is selected by maximizing U(S}, Ma) — U(Sa, Ma);

(b) If the number of selected users equals to the desired
number of active RF chains m which has been decided by
(5), or there are no remaining users who satisfy U (Sj, Ma) —
U(Sa, Ma) > 0, the selection algorithm stops.

C. Complexity Analysis

In this subsection, the complexity of the proposed scheme
is analyzed. As the performance benchmark, the exhaustive
search algorithm is considered to obtain the optimal sets of
RF chains and users based on a stochastic optimization [10].
Since it requires to search all possible sets of active RF chains
and users, the total number of possible combinations is given

by

> () ()-

M™ K ko

Z Z k! =),
m=1 k=1

3
where (M) is the total number of possible sets of active
RF chains when the number of active RF chains is m and
(Ik{) is the total number of possible sets of users when
the number of active RF chains is k. For each set of
users Sy and active RF chains M, we need to calculate
[G(Sa, Ma)G(Sa, Ma)*]~! in the sum data rate as shown in
(2) based on the stochastic optimization. It includes a matrix
multiplication and a matrix inversion. Since the dimension of
G(Sa, My) is
O(|8a|?|Ma|) for the matrix multiplication and O(|Sa|?) for
the matrix inversion [18]. Therefore, the total complexity is

Mm Kk .
Z SR+ k)]
=1k=1 Mka (9)
m=1 k=1 o

On the other hand, there are three steps to select the sets of
active RF chains and users in the proposed scheme:

In the first step, the optimal number of active RF chains
is obtained based on the total queue-length. With the binary
search, the complexity is on the order of O(log M).

In the second step, the RF chains are selected based on
the channel gain of the user who has the longest queue-
length. Firstly, the search of the longest queue-length user is
achieved by the binary search with the complexity O(log K).
Secondly, suppose the number of active RF chains is m,
m € {0,1,..., M}, the set of active RF chains is obtained

by finding m largest norms in the channel gain vector g;. =
{9t g3, st} g € CYM | where k* represents the
selected user. Then, the set of active RF chains is found by
sorting algorithms with the complexity O(M log M) [19].

In the third step, the greedy user selection scheme is
employed. Considering the worst case, the optimal number
of RF chains is M. Then, the total number of iterations for
the user selection is Zi\/le(K — k). For each iteration, we
need to calculate [G(Sh, Ma)G(Sh, Ma)*| L. Therefore, the
complexity of the user selection is

M
0> (K —k)(k* + k*M)} = O(KM?).
k=1

(10)

Consequently, the total computation complexity of the pro-
posed scheme is given by

O(KM? 4+ Mlog M +log K + log M) ~ O(KM?), (11)

which is much smaller than the exhaustive search algorithm.
For example, when M = 8 and K = 10, the complexity
reduces at least 10 times by using the heuristic scheme.
Moreover, the reduction of complexity increases with the scale
of the system, e.g., when M = 16 and K = 10, the complexity
reduces at least 10° times.

D. Discussion for Realistic Implementation

In the proposed scheme, the perfect CSI is assumed at
the transmitter, which is difficult to be realized in practical
systems. Training is commonly used to obtain the channel
knowledge. It can be roughly classified into two groups: (1)
channel feedback [20] [21], in which the CSI (either in a
quantized version or an analog version) is obtained through a
feedback channel, (2) channel approximation [22], in which
the uplink pilots is used to estimate the downlink channel
coefficients by exploiting the channel reciprocity. Moreover,
the invisible CSIT problem [7] will occur when the RF chain
and user selections are performing. Notice that it is impossible
to do channel estimation for those inactive antennas, since the
circuits of those antennas are turned off. Therefore, one may
added one dedicated training period to turn all the RF chains
on or directly use the statistic CSI to perform the RF chain
and user selection [7]. In addition, motivated by the channel
reciprocity, the channel estimation could be achieved by using
the uplink pilots. In that case, the receiving circuits of the RF
chain are not turned off.

Notice that, in order to combat the invisibility and inaccu-
racy of the CSI, more training overhead will be induced [23].
Those overhead will eventually degrade the energy-saving
performance of the proposed scheme. The tradeoff between
the training overhead and the energy-saving performance is
left to our future work.

IV. SIMULATION RESULTS

In order to give a general insight, we focus on a very simple
downlink multiuser MISO system in which all K users are
homogeneous. There are total K = 10 users in this system.
The parameters of the power consumption model are P =
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Fig. 2. The Energy-Reduction-Gain over the average traffic load, where M
and K represent the total number of RF chains and users respectively, and v
represents the constant interval between the threshold values as shown in the
step 1 of the proposed scheme.

QdB, C = 038, PRF = ].W, Pnon-active = 2W, PFIX = 18W and
P, = 20W according to a typical LTE (long-term-evolution)
BS [13] [24] [25]. The data arrival is assumed as poisson
processes.

For comparison, the traffic-unaware scheme is proposed
according to previous works [6] [7] [8]. It is assumed that
the average data arrival rate and channel state information
are known. The average data arrival rate can be seen as the
data rate requirement in those previous schemes. The channel
state information is assumed to be known at the BS. At the
beginning of each frame, the minimum number of RF chains
is selected by maximizing the energy-efficiency. The antenna
set selection is based on the algorithm proposed in [7].

Before giving the results, several technical terms should be
defined. To characterize the energy-saving, we use the Energy-
Reduction-Gain (ERG) [26] as the metric, which is the ratio
of the saved energy to the maximum energy consumption
which is given by B

Ly

E}l’laX

n=1 (12)
where E; denotes the frame average of the energy consump-
tion of a scheme, and EP** = T[% + M Pgr + P.| represents
the maximum energy consumption without adaptive control.

Moreover, we further define the Average Traffic Load
a as the ratio of the sum average data arrival rate to the
system capacity, which is motivated by the definition of server
utilization in queueing theory [27],

_ Zszl Ak
==
where C) represents the system capacity when all RF chains
are active.

In Fig. 2, the ERG performances of the proposed scheme
and the traffic-unaware scheme are plotted over the average
traffic load. Both of the curves decrease with the average
traffic load. It is because that there are little opportunities
to turn off the RF chains when the average data arrival rate
approaches to the system capacity. It is also shown that the
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Fig. 3. Average queue-length per user over the average traffic load, where
M and K represent the total number of RF chains and users respectively,
and v represents the constant interval between the threshold values as shown
in the step 1 of the proposed scheme.

ERG of the proposed scheme is larger than the traffic-unaware
scheme, especially when the average traffic load is low. In
this case, the buffers of some users are relative low and even
empty. The proposed scheme tracks the traffic and turns off
some redundant RF chains to further save energy. Since the
traffic-unaware scheme presumes that all users always have
packets, it provides extra services even when the average traffic
load is low. When the average traffic load increases, buffers
of all users will be always full of packets. Then, both of
schemes achieve much similar ERG performance. Moreover,
the threshold interval v of the proposed scheme affects the
ERG performances. When using smaller value of v, the ERG
decreases. With small value of v, the control actions will
become more sensitive to the queue-length, and even some
small amount of arrived packets will let the BS turn on more
RF chains.

In Fig. 3, the average queue length performances of both the
proposed scheme and the traffic-unaware scheme are plotted
over the average traffic load. It is shown that the traffic-
unaware scheme has much smaller average queue-length. It
indicates that the proposed scheme turns off some RF chains
to save energy while sacrificing some of QoS. Moreover, it is
observed that the average queue-length of the proposed scheme
decreases with the reduction of the value v. Therefore, the
value v is able to control the tradeoff between the saved energy
and the average queue-length.

V. CONCLUSIONS

In this paper, a low-complexity traffic-aware RF chain and
user selection scheme is proposed. Unlike previous traffic-
unaware schemes which neglect traffic variations, the proposed
scheme controls the radio resources according to both of the
traffic and channel variations. It is shown that the proposed
scheme saves a great amount of energy compared with those
traffic-unaware schemes under random traffic arrivals where
the traffic pattern varies severely since some users frequently
have empty buffers.



The threshold interval introduced by the scheme is used
to control the tradeoff between the saved energy and the
increased average queue-length. When the threshold interval
increases, more energy can be saved but it results in a large
average queue-length and thus average delay is increased. By
reducing the threshold interval, the number of active RF chains
will overmatch the average traffic load, which leads to better
QoS, but more energy consumption.
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