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Abstract—High-speed and low-latency communications are one of the
major requirements for connected vehicle environments. Safety messages
in vehicular networks must arrive on time for each vehicle, and the op-
timization of driving paths also strongly depends on low-latency traffic
information. To comply with the demands, a base station take important
roles to provide a short service delay for the vehicles, even at the expense
of performance. The relationship between delay time and decoding per-
formance at receiver sides in physical layers can be explained by the per-
formance/complexity tradeoff as follows. To achieve better performance in
terms of the minimization of word error rates in decoding, the receiver
usually requires higher complexity, which results in larger delays. We ana-
lyze this tradeoff based on the receiver queue model. This paper proposes
a novel algorithm to adaptively select one of receiver candidates under the
constraint of queue stability so as not to degrade low-latency communica-
tions. Based on the configurable architecture for multi-input multioutput
(MIMO) detectors, this paper shows that the proposed algorithm works
well on adaptive MIMO detector selection.

Index Terms—Connected vehicles, low-latency communications, perfor-
mance/complexity tradeoff, adaptive detector selection.

I. INTRODUCTION

In connected vehicles environments [1]-[3], a cellular base
station (BS) has to deal with the heavy load of information de-
livered from a large number of vehicles especially in dense
urban areas. In the research domain, interference occurs in
frequency domain due to Doppler effects, thus inter-carrier-
interference cancellation schemes have been proposed [4] and
index-modulated OFDM is also proposed for improving spectral
efficiency and link reliability [5]. In general, vehicular messages
could be divided into safety and traffic information. Two main
types of safety messages are cooperative awareness messages
(CAMs) and decentralized environmental notification messages
(DENMs); and traffic information includes floating car data
(FCD) [2], [3]. While DENMs are event-driven, CAMs are pe-
riodic short messages which report user vehicles’ status infor-
mation such as positions and speeds. Similar to CAMs, FCD
also requires periodic transmissions of traffic information from
vehicles to their associated BSes for optimizing the driving
paths. When a BS serves a massive number of vehicles, fre-
quent transmissions of CAMs and FCD may result in system
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overloads. However, safety information must be received and
responded by vehicles in a short time, thus low-latency commu-
nication is mandatory for connected vehicles environments.

The relationship between delay and performance in low-
latency communications can be explained in some ways through
the performance/complexity tradeoff of the receiver processing
in the physical layer. In general, higher complexity in receivers
often means better performance in terms of word error rate min-
imization for decoding. However, a high-complexity receiver
usually takes longer data processing time which introduces sys-
tem delays. In this respect, it is important to select a receiver type
according to the delay constraints of low-latency delay-sensitive
communication systems.

In this paper, performance/complexity tradeoff is analyzed
based on the receiver queue model in connected vehicle net-
works. A high-complexity receiver takes longer data processing
time, resulting in an increased queue backlog. In this case, there
is a risk of queue overflow, which is fatal to delay-sensitive
services. Therefore, this paper proposes an algorithm to adap-
tively select one of the receiver candidates under the constraint
of queue stability so as to facilitate low-latency communica-
tions while aiming at the time-average word error rate (WER)
minimization.

The performance/complexity tradeoffs of various multi-input
multi-output (MIMO) detector techniques have been investi-
gated [6]. Recently, the configurable architectures for MIMO
detectors which can run a variety of detection schemes have
been getting a lot of attention in both industry and academia [7],
[8]. These detector designs enable the performance/complexity
tradeoff to be adjusted depending on received signal-to-noise
ratio (SNR) [7] or channel state information [8].

The proposed algorithm is mathematically inspired by
stochastic network optimization framework which is developed
under the theory of Lyapunov drift and control [9]-[11]. With
this theory, a dynamic control algorithm can be designed for
time-average utility optimization (where the utility optimiza-
tion is defined as WER minimization) subject to queue stability
when there exists tradeoff between the utility and stability [10],
[12]. This paper presents this dynamic control algorithm and its
results about adaptive MIMO detector selection control among
soft-input soft-output (SISO) type MMSE' (SISO-MMSE) [13],
SISO-MaxLog and SISO single-tree-search sphere decoding
(SISO-STS-SD) [14] algorithms.

The rest of this paper is organized as follows: In Section II,
two main macro and micro models are described; and the de-
tailed algorithm of main adaptive detector selection algorithm
which aims at WER minimization subject to queue stability
is described in Section III. Section IV discusses the perfor-
mance/complexity tradeoffs in MIMO detectors. The perfor-
mance of the proposed algorithm is evaluated in Section V; and
Section VI concludes this paper and discusses future research
directions.

"Minimum Mean Squared Error
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Fig. 1. Connected vehicles environment and the queue model in BS.

II. SYSTEM MODELS
A. Connected Vehicles Network Model

Consider a vehicular network scenario where a BS group B
consisting of N BSes, b, where n € {1,..., N}, receives the
vehicular messages from a large number of vehicles simulta-
neously as illustrated in Fig. 1. Suppose that each base station
is equipped with N, antennas and only one antenna exists at
each vehicle. Since there are many vehicles in the network, it
would be difficult to provide orthogonal resources to all wireless
links. Therefore, BSes are assumed to take multi-user detection
for IV; vehicles. A configurable architecture of BS is assumed
to provide a set of K usable detector schemes, D, with Dj,
k € {1,..., K}, denoting each detector type. Each BS should
choose an appropriate detector from D in order to decode the
received signals while avoiding system overload due to heavy
load of CAMs and FCD. In Fig. 1, most of the vehicles transmit
CAMs to nearby BS. Especially, since upper two lanes are in
heavy traffic, the BSes also receive FCD from the vehicles on
these lanes to provide the optimal driving path.

The received signal at the n-th BS from N, vehicles is denoted
as follows:

Yn = Hn,xn + Wy, (1)
where H,, € CN*Nt js MIMO wireless channel state informa-
tion, x,, € CN**! is the transmitted signal, and w,, € CV <! is
noise. In addition, w,, ~ N(0,diag{c?}) where o2 is the noise
variance.

B. Receiver Queue Model

In general, queue models have their own arrival and depar-
ture processes. When the departures are less frequent than the
arrivals, the queue backlog grows. Therefore, achieving higher
arrival rates than departure rates is important for stabilizing
queues. For each BS b, € B, the queue dynamics in each unit
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time t € {0, 1,...} can be represented as follows:

Qult + 1] = max {Qn[t] — pa[t], 0} + A, [t],
@,,[0] = 0 [Initial Condition of @, [t]],

@3]
3)

where Q,, [t], wn [t], and A, [t] stand for the queue backlog, the
departure and arrival processes of the BS b, at ¢, respectively.

In this paper, i, [t] and A, [t] semantically mean the detected
and the received data symbol rates, respectively (see Fig. 1).
Since A, [t] relies on the transmission scheme and the channel
states, b, cannot control A, [t]. On the other hand, u, [t] ob-
viously depends on computational complexity of the receiver,
because the high-complexity receiver requires longer data pro-
cessing time, exporting a smaller number of data symbols per
second than the low-complexity receivers. Suppose that a unit
computation, i.e., floating-point operation (FLOP) [15], spends
7 seconds. 7 can be considered as the effective processing time
per FLOP. Let the receiver which b,, chooses at ¢ requires ¢, [t]
FLOPs per symbol detection; then the detected data symbol rate
can be calculated as p, [t] = 1 /¢, [t]T.

For real-time communications, it is important to avoid the
queue overflow while pursuing time-average utility optimization
(i.e., maximization of data detection performance). Suppose that
the queue is filled with a lot of data blocks (i.e., near overflow).
In this case, achieving queue stability should take higher priority
than maximization of detection performance. Therefore, a high-
speed (i.e., low-complexity) receiver is desired. On the other
hand, when the queue is almost empty, the BS prefers to improve
the data detection performance. Therefore, the high-complexity
receiver which provides the best performance will be selected. In
summary, this paper designs a dynamic algorithm which selects
a receiver in each unit time which can maximize time-average
detection performance (which is equivalent to the minimization
of WER) subject to queue stability.

III. QUEUE-STABLE ADAPTIVE DETECTOR SELECTION FOR
MINIMIZING WORD ERROR RATES

Asmentioned above, we focus on adaptive selection of MIMO
detectors of different tradeoffs between performance and com-
plexity, based on the configurable detector architecture. While
the received symbols are arriving at the queue, the BS should
decide which type of the detector will be used for data detection.
After the selection, the detector performs data detection and the
queue exports the detected data stream. WERs and FLOP are
employed as the performance and complexity metrics used in
the queue model explained in Section II. Based on these met-
rics, the optimization goal is to find the optimal detector scheme
giving the best performance for a BS group B with subject to
queue stability.

We specifically go after the following minimization problem:

min : Z E[£,] 4

b, €B
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where &, is the WER of the detector selected by b, E [&,]
stands for the time averaged expected WER as given by

1
min : Z (tlir?o ; 2571 [T]) . ®)

b, €8
Note the objective function has a constraint for queue rate sta-
bility, namely,

t—1
1
Jim — Z;)IE [Qn[7]] < o0,Vb, € B. (6)
Let O(t) denote the column vector of the queue backlogs of
all BSes at ¢, and define the quadratic Lyapunov function L[t]
as follows:

Lft] = *@T

ZQ (7)

bn eB

where OT[t] denotes the transpose of O[t]. Then, let A[t] be
a conditional quadratic Lyapunov function that can be formu-
lated as E[L[t 4+ 1] — L[t]|O]t]], i.e., the drift on ¢. The dy-
namic policy is designed to solve the given optimization for-
mulation by observing the current queue backlog sizes Q,, []
and determining the receiver selection to minimize a bound
on E[E[t]|O[t]] — VA[t] [10]. £]t] is the column vector of
E,[t], Vb, and V is a positive constant of the policy that af-
fects the tradeoff between the performance and delay.

The proposed algorithm involves minimizing a bound on
E[E[t]|O[t]] — VA[t]. This gives the following dynamic algo-
rithm [10] which minimizes

DEMFV Y Qul (nlt]

b, €B b, €B

= i t]) - ®)

The BS cannot control A, [t] and it is ignored, i.e., (8) is actually
updated as follows:

Z 577 [t] -

b, €B

Vv Z Qn [t]:“n [t] 9

b, €B

In (9), &, [t] and j1, [t] can be respectively replaced with ¥ [¢]
and pf [t] which stand for the WER and the departure process
of b, at t, when b,, chooses D, € D for data detection at ¢. It
is clear that (9) is separable, i.e., each BS b, minimizes its own
objective function. Therefore, (9) can be written as

Exlt] = VQultluy [t]-

By substituting the complexity term for g [¢], we can organize
our final solution as follows:

(10)

arg min {5k[] (11)

D, eD

v},

ck it

n

controlling the tradeoff between queue stability and WER per-
formance.

However, this optimization process does not guarantee that
the stacked queue backlog remains smaller than the actual size
of the receiver queue. This is because the constraint (6) only
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Algorithm 1: Adaptive Detector Selection for Time-
Average Minimization of Word Error Rates.

Precondition:
1: e V: parameter for utility-delay tradeoffs
® (1< maximum allowable queue size
e §: threshold for preventing the queue overflow
e AV increment/decrement quantity of V'
2: t = 0// T: number of discrete-time operations
3: whilet < T do
4: Observe @, [t]
5: Make detector selection with
argminp, ep {Eﬁ[ |-V qf"[t[]tl }
6: if Quax — 0 < Q,[t] then V =V + AV
7: elseif Q,[t] < Q,[t — 1] thenV =V — AV
8
9

end if
. end while

ensures that the queue backlog does not diverge; the queue
overflow may occur in practice. Therefore, a procedure to avoid
the queue overflow is supplemented by changing V, the weight
factor for the term representing complexity. If the queue is al-
most full, V' is increased to weigh the complexity to avoid the
queue overflow. On the other hand, the system reduces V' in or-
der to allow more backlogs when the queue backlog decreases
and there still remains a usable queue margin. The appropriate
initial value of V' needs to be obtained by experiment because
it depends on channel models and queue sizes. In addition,
V' > 0 should be satisfied. If V' < 0, the receiver prefers high-
complexity receiver. Moreover, the case with V' = 0 stands for
the situation where queue-stability is not considered any more,
and thus the BS chooses its detector only for time-average WER
minimization.

Eventually, the proposed algorithm is performed as fol-
lows. When V is given, each BS b, (i) observes the
current queue backlog size @, [t]; (ii) makes the receiver
selection according to (11); and (iii) increases or de-
creases V' according to the current queue state. The entire
adaptive and dynamic control procedures are described in
Algorithm 1. Algorithm 1 can be applied to the adaptive se-
lection of any receiver structures, e.g., MIMO detector, demod-
ulator, or decoder, if the candidates of certain structures are
subject to different performance/complexity tradeoffs.

IV. TRADEOFFS IN MIMO DETECTORS

Configurable architectures for MIMO detector [7], [8] which
can perform a variety of detection schemes enable the perfor-
mance/complexity tradeoff to be adjusted. Therefore, we can
adaptively select the detector type depending on the current
queue state based on configurable architecture. In addition, when
a certain detector has a parameter that controls the tradeoff, Al-
gorithm 1 conducts decision-making for parameter control in
order to achieve queue stabilization. Three types of MIMO de-
tectors are considered: SISO-MMSE [13], SISO-MaxLog, and
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TABLE I
FLOP AND NUMBER OF USES FOR MIMO DETECTORS AT SNR = 26 DB

Detector MMSE SDy SDg SDg SD¢ MaxLog
FLOP 814 1876.7 19203  2005.6  2262.6 8947.6
Uses 19 0 0 3 220 8

SISO-STS-SD [14], under the consideration of turbo equaliza-
tion receiver structure.

SISO-STS-SD [14] is based on single-tree-search, and the
number of visited nodes in the tree searching process is the
dominant factor of its complexity. In SISO-STS-SD, an LLR
clipping parameter controls the performance/complexity trade-
off. In this case, a larger parameter value gives a better error
rate, but induces visits to a larger number of the nodes in the
sphere decoding tree [14]. A finite value of the LLR clipping
parameter helps to prune some sub-trees in the process of tree
searching, and eventually results in a smaller number of node
visits. In other words, a smaller LLR clipping parameter makes
SISO-STS-SD require less computations for decoding at the ex-
pense of performance a bit. Hereafter, for brevity, the detector
candidates will be called MMSE, MaxLog, and SD;, respec-
tively, where ¢ indicates the LLR clipping parameter. In SD,
four different LLR clipping parameters are considered for sim-
ulation, i.e., i = 4,6,8,16. Therefore, six detector types are
under consideration as summarized in Table. I.

A. Performance Metric

The WER is one of the best choices for the performance
metric in practical scenarios with a fixed SNR. We obtained
the WERs of the MIMO detectors via data-intensive Monte
Carlo simulations. Based on turbo equalization structure, a flat
fading MIMO channel with N; =2 and N, = 2, 16-QAM, a
1/2-rate [7 5] convolutional code and a random interleaver are
considered. The BS can expect WERSs based on channel statistics
by conducting data-intensive simulations, so the expected WERs
according to received SNRs are pre-stored as a type of codebook.

B. Complexity Metric

As the complexity metric, FLOP is employed. FLOP is a
common measure for any computer working in real-time ap-
plications [15], and it can be a good measurement index for
the processing time. The number of FLOPs is also directly re-
lated to actual time latency. Each floating operation requires a
floating-point register, and therefore it is also associated with the
hardware size. This paper supposes that a complex summation
requires a single FLOP and a complex multiplication requires
3 FLOPs. The number of FLOPs required for other arithmetic
operations can be found in [16].

The number of FLOPs required for the MMSE and MaxLog
detectors does not change with channel variations. The matrix
computations, matrix inversion, and soft LLR computations are
major factors in determining the FLOPs of MMSE and MaxLog.
On the other hand, complexity of the sphere detector varies with
the different channel gains and SNR values due to the fact that
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Fig. 2. Queue backlog variation plots versus time slot.

the number of visited nodes in the tree searching algorithm
depends on the randomness of the signal and noise. Therefore,
FLOPs of the sphere detector should be computed empirically
for a given SNR. FLOP in this case usually depends on the node
processing and the soft LLR computations. Table I shows how
much FLOPs are required for each detector at a 26 dB of SNR.

V. PERFORMANCE EVALUATION

For evaluating the performance of the proposed algorithm via
data-intensive simulations, the initial settings of A, [t], Qmax>
V, AV and 7 are determined as follows. We first suppose 4, [t]
is a fixed symbol rate. According to the LTE specifications,
a resource block in LTE downlink includes 12 symbols and
its time slot is 5 ms. Thus A, [t] becomes 24000 symbols per
second. In addition, we assume that 7 = 3 x 1078 sec/FLOP
and that initially V = 107", AV = 107"2, Quax = 2 x 10°,
and 6 = 10°. In practice, T and @y, .« are determined according
to the system architecture; then V', AV, and § can be properly
selected. Especially, when the system requires low latency or
low complexity, large V' will be appropriate because V' acts as
a weight on complexity.

In order to verify the performance of the proposed algorithm,
three comparison cases are considered in this paper:

1) MMSE only: The BSes perform only MMSE.

2) MaxLog only: The BSes perform only MaxLog. If queue

overflow occurs, WER becomes 1.

3) Threshold: First, the BSes perform MaxLog which pro-
vides the best performance. When the queue is near full,
MMSE is used to empty the queue sufficiently, and then
MaxLog is employed again after reducing the queue back-
log. These steps are repeated.

The first two cases are extreme, and the last one is a com-
promise which sets a limit for the stacked queue backlog. The
queue backlog plots versus time ¢ at SNR= 26 dB are presented
in Fig. 2. When only MMSE is performed, the queue backlog is
not stacked at all and when only MaxLog is performed, the queue
backlog continues to accumulate over time. It is easily expected
that these two cases would not give good error rate performances
due to the fact that the MMSE has the worst performance and
MaxLog causes the queue overflow. The ‘threshold’ case avoids
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overflow; there is the oscillating tendency after approaching
the maximum value of available queue backlog. The proposed
algorithm shows the similar tendency in queue backlog manage-
ment to that of the threshold case, however it slowly converges
to maximum queue backlog. The reason is that the threshold
only scheme performs MaxLog until the queue is almost full,
red whereas the proposed algorithm adaptively chooses MaxLog
and SD; to minimize the time-average WER.

The average WER plots versus SNR are shown in Fig. 3.
If only MaxLog is performed, the queue overflow occurs after
some time, and it is true that error rates become meaningless.
However, other cases do not allow overflow and the proposed
algorithm shows the best average WER performance among
them. As observed in Fig. 2, it is obvious that the average WER
performance is minimized by adjusting the rate at which the
queue backlog approaches the maximum queue-backlog.

Table I also shows the numbers of uses for the detec-
tors. SDj¢ is the most frequently used, and MMSE, SDsg,
and MaxLog are chosen a few times. However, SD, and
SD¢ are not selected at all. We can say that performance
gains of SDs and SDg over MMSE are not enough to
replace MMSE, because of increased complexity. It can be also
said that it is better to use SDg that provides a much better per-
formance, rather than choosing SD4 and SDg, if it is allowable
to increase the complexity a bit. Thus, SD4 and SDg¢ are not
needed for a BS group in this environment, and it is clear that
the proposed algorithm is able to decide which receiver type
would be useful for a certain system environment.

VI. CONCLUSION AND FUTURE WORK

This paper proposes the dynamic control algorithm for adap-
tive detector selection under the constraint of queue stabiliza-
tion in low-latency infrastructure-to-vehicle (V2X) communi-
cations. By incorporating computational complexity of the de-
tectors into the receiver queue model at V2X base stations, the
proposed method provides improved decoder selection decision
making for the BSes of connected vehicles environments to
select one of the candidate detector schemes so as to prevent
unwanted delay, possibly at the expense of degraded perfor-
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mance depending on queue-backlog information. The proposed
algorithm basically pursues time-averaged detector word error
rate minimization under the constraint of queue stabilization
which actively controls performance-complexity tradeoffs.

As a future research direction, it is considerable to utilize
coordinated multi-point (CoMP) [17] and cloud radio access
networks (CRAN) [18] based advanced communication tech-
nologies which can be beneficial for improving the performance
of the proposed adaptive detector selection algorithm by allow-
ing the collaboration among BSes with centralized computing
resources.
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