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a b s t r a c t

With 5G (Fifth generation) cellular communications, systems have to be able to cope with a massive
increase of mobile devices and services and simultaneously improve the system’s spectral efficiency, as
well as dealing with high interference levels. Base Station (BS) cooperation architectures jointly with
block transmission techniques, such as OFDM (Orthogonal Frequency Division Multiplexing) for the
downlink and SC-FDE (Single-Carrier with Frequency-Domain Equalization) for the uplink, are proven
to be suitable for broadband wireless transmission systems. In BS cooperation systems MTs (Mobile
Terminals) in adjacent cells share the same physical channel allowing the reducing of the frequency
reuse and improving the spectral efficiency of cellular systems. In this paper we present a set of
multiuser detection techniques for the uplink transmission in clustered architectures based on the C-RAN
(Centralized-Radio Access Network) concept. We consider BS cooperation systems employing a universal
frequency reuse approach. Our performance results demonstrate that by employing clustered techniques
for the detection procedure it is possible to reduce substantially the signal processing complexity and the
side information that must be transmitted by the backhaul structure.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The ever increase of wireless connected devices and services
will pressure the capacity and quality of near future cellular
infrastructures. When compared to the current 4G (Fourth
Generation) LTE (Long-Term Evolution) systems, it is expected
that 5G (Fifth Generation) cellular communications can deal with
the massive explosion of mobile devices, the need for higher
data transmissions, spectral efficiency and high-speed mobility
users [1]. This will be achieved mainly by combining massive
MIMO (Multi-Input, Multi-Output) techniques, small cells and
employing reduced frequency reuse factors (ideally aiming at a
universal frequency reuse) [2]. Moreover, one can consider C-
RAN (Centralized-Radio Access Network) architectures as one of
the optimal approaches to enhance the potential of BS (Base
Station) cooperation schemes [3–5], which are critical to copewith
high interference levels associated to reduced frequency reuse
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factors [6]. Contrarily to BS cooperation schemes, conventional
architectures assign different frequency bands for different BSs,
leading to a substantial degradation on the overall system’s
spectral efficiency. Due to the physical scarcity of the frequency
spectrum it is highly desirable to have universal frequency
reuse. By implementing BS cooperations schemes, MTs (Mobile
Terminals) in adjacent cells can employ the same physical
channel, allowing substantial capacity gains when compared with
conventional systems. Thus, a set of BSs might need to exchange
information so as to define appropriate transmitted signals (in
the downlink transmission) [7] and the detection or/and users
separation being performed by a CPU (Central Processing Unit)
connected to several BSs (in the uplink transmission) [8,9].
Furthermore, in the downlink case it is preferable to employ
appropriate preprocessing techniques so as allow an efficient
separation of the signals at the receiver side [10]. For the uplink
transmission, one can perform the separation of different users at
the receiver side, since different BS can easily cooperate at the C-
RAN level [6,8].

Block transmission techniques, jointly with frequency-domain
processing methods [11], are particularly adequate for broad-
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band wireless systems. It is well known that SC-FDE (Single-
Carrier with Frequency-Domain Equalization) modulations are
particularly suitable for the uplink transmission since the reduced
envelope fluctuations of the transmitted signals, namely when
compared with OFDM (Orthogonal Frequency Division Multiplex-
ing) signals based on similar constellations, allow an efficient
power amplification [12–14]. At the receiver side, the separation of
the signals associated with different MTs and/or interference mit-
igation is performed using iterative frequency-domain receivers
based on the IB-DFE (Iterative Block Decision Feedback Equaliza-
tion) design [15,16], allowing performance results close to theMFB
(Matched Filter Bound) measure [17], even in strongly interfer-
ence environments. Moreover, IB-DFE receivers can be regarded
as frequency-domain low complexity turbo equalizers [18,19], in
which it does not require the channel decoder output at the feed-
back loop. Nevertheless, the receiver complexity and the global
quantity of signals that are required to be exchanged by the back-
haul network for the user separation increases with the number of
BSs that are cooperating. The adequate dealing of this problem is
to consider clustered schemes to effectively reduce both the detec-
tion complexity and the backhaul signaling requirements. In [20] a
study on the uplink of BS cooperation schemes is presented. How-
ever, this paper approaches the scalability issues by considering
clustered environments.

In this paper we consider the uplink transmission in BS coop-
eration cellular architectures, with universal frequency reuse and
SC-FDE transmission schemes. The concept of BS cooperation is re-
lated to C-RAN type environments, inwhich the implementation of
clustered techniques are intended to simplify the detection proce-
dure and to reduce the side information shared by the BSs.

This paper is organized as follows: in Section 2 we describe
the clustered cellular architecture considered in this paper and
Section 3 is concernedwith the receiver design. Section 4 describes
the different detection techniques and a set of performance results
is presented in Section 5. Section 6 concludes the paper.

Throughout the paper we will adopt the following notations:
bold letters denote vectors and matrices; x∗, xT and xH denote
complex conjugate, transpose and Hermitian (complex conjugate
transpose) of x, respectively. IN denotes aN×N identitymatrix and
ep is an appropriate columnvectorwith 0 in all positions except the
pth position that is 1. The expectation of x is denoted by E [x].

2. System characterization

Fig. 1 represents the adopted cellular scenario considered in
this paper. The system is characterized by two clusters employing
BS cooperation-based wireless architectures. Both clusters can
communicate through a backhaul network in a C-RAN structure
and we consider inter-cluster interference that is accounted at
each BS. BS cooperation systems are characterized by the use of a
CPU that performs interference mitigation and/or user detection
functions, allowing the different MTs to transmit information in
the same frequency. Each cluster can have P MTs sharing the
same physical channel and communicating to R BSs. Each MT
employs a SC-FDE modulation scheme with an appropriate CP
being appended to each data block. Assuming that initially we
have free inter-cluster interference, if the CP (Cyclic Prefix) has the
correct length, at a given BS r , the received signal is given by

Y (r)
k =

P
p=1

Sk,pH
ep(r)
k,p + N (r)

k , (1)

where {Y (r)
k ; k = 0, 1, . . . ,N − 1} is the DFT (Discrete Fourier

Transform) of the useful time-domain block (i.e., after removing
the samples associated to the cyclic prefix) {y(r)

n ; n = 0, 1, . . . ,N−
1} (r = 1, 2, . . . , R). Moreover, Sk,p = DFT {sn,p; n = 0, 1, . . . ,N −

1}, associated to the pthMT (p = 1, 2, . . . , P) and the constellation
symbol {sn,p; n = 0, 1, . . . ,N − 1} is selected following a given
mapping rule such as QPSK (Quadrature Phase Shift Keying) with
Gray mapping. N (r)

k indicates the channel noise at the rth antenna
and the kth frequency andHeq(r)

k,p = ξp,rH
(r)
k,p, whereH(r)

k,p denotes the
channel frequency response between the pthMT and the rth BS, for
the kth frequency. The coefficient ξp,r corresponds to a factor that
accounts for both effects of power control and propagation losses.
Therefore, the average received power at the rth BS associated to
the pthMT is

ξp,r 2, with a normalized channel frequency response

as E
H(r)

k,p

2 = 1.

When a single cluster is considered, all transmission contribu-
tions can be taken into account, rewriting (1) as

Yk = HT
kSk + Nk, (2)

with Yk =


Y (1)
k , . . . , Y (R)

k

T
, Sk =


Sk,1, . . . , Sk,P

T , Nk =
N (1)

k , . . . ,N (R)
k

T
and

HT
k =


Heq(1)

k,1 · · · Heq(1)

k,P
...

. . .
...

Heq(R)

k,1 · · · Heq(R)

k,P

 . (3)

3. Receiver structure

The multiuser detection process is performed by a structure
based on the IB-DFE concept [16] and proposed in [20], where
this receiver can be regarded as a specific implementation scheme
for BS cooperation architectures. Each iteration provides a more
recent estimation for the transmitted data symbols for a given MT
being detected, which are used to cancel the residual interference
inherent to the detection process. Moreover, users are detected in
a successive methodology, which can be seen as an iterative SIC
(Successive Interference Cancellation) scheme. When a certain pth
MT is detected at the ith iteration, the frequency-domain detector
output is expressed as

S̃(i)
k,p = F(i)T

k,p Yk − B(i)T
k,p S̄

(i−1)
k,p . (4)

The most recent estimation symbols {ŝ(i)n,p; n = 0, 1, . . . ,N − 1},
(p = 1, 2, . . . , P) correspond to hard decisions of the time-domain
detector output {s̃(i)n,p; n = 0, 1, . . . ,N − 1}, (p = 1, 2, . . . , P).

F(i)T
k,p =


F (i,1)
k,p , . . . , F (i,R)

k,p

T
and B(i)T

k,p =


B(i,1)
k,p , . . . , B(i,P)

k,p

T

denote the feedforward and feedback coefficients, respectively.

S̄(i−1)
k,p =


S̄(i)
k,1, . . . , S̄

(i)
k,p−1, S̄

(i−1)
k,p , . . . , S̄(i−1)

k,P

T
, and its elements are

associated to the current iteration for MTs already estimated and
the previous iteration for the MT currently being detected, as well
as the MTs that were not yet detected in the current iteration.

It can be shown (as in [20]) that the optimum coefficients Fk,p
and Bk,p are given by

F = κ3HHep (5)

and

B = HF − ep, (6)

with

3 =

HH 

IP − P2H + f (SNR) IR
−1

, (7)
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Fig. 1. Adopted cellular scenario.
and κ selected to ensure that

1
N

N−1
k=0

R
r=1

F (r)
k,pH

eq(r)
k,p = 1. (8)

f (SNR) is a function of the SNR (Signal-to-Noise Ratio) measure, in
which

SNR =
σ 2
s

σ 2
n
, (9)

where σ 2
s and σ 2

n are the variance of the signal and noise
components, respectively. Furthermore, according to [20], the
optimum value for f (SNR) corresponds to 1/SNR.

4. Multiuser clustered detection techniques

In this section it is presented a set of multiuser detection tech-
niques for the clustered architecture represented in Fig. 1. The
main idea is to perform the MTs detection as to reduce substan-
tially the signal processing complexity and the required side in-
formation without sacrificing the performance. Additionally, the
detection procedure depends on the interference presented in the
system, as if it becomes an impediment for a proper detection,
both clusters can iteratively (as with inter-cluster communication)
share information in order to cancel the interference. We present
three techniques to perform the multiuser detection, differing on
the type of consideration we have in terms of interference from
one cluster to another. For the multiuser clustered techniques, (1)
can be expressed by

Y (r)
k =

P
p∈C

Sk,pH
ep(r)
k,p +

P
p∉C

Sk,pH
ep(r)
k,p + N (r)

k , (10)

with C denoting the set of BSs in the cluster (e.g., for the cluster
with BSs 1 and 2 we have C = {1, 2}). Moreover, we consider
two scenarios, one with a fixed separation between clusters and
one with a linear set of cells, which corresponds to a more realistic
scenario.

4.1. Fixed separation between clusters

Fig. 2 illustrate a 2 cells scenario with limited inter-cell links,
where β indicates the interference from a given MT to the
remaining BSs in the other cluster. We assume that the links
belonging to a given cluster have a transmission reference value
(i.e., themain link) of 1 (or 0 dB). Moreover,β indicates the average
power below the main link. For simplicity purposes, it is only
shown the β effect from the 1st MT. The case for the remaining
MTs can easily be extended.

4.1.1. SCD (Single Cluster Detection)
SCD (Single Cluster Detection) corresponds to a localized

detection with no sharing of information between clusters.
It provides the lowermost system requirements, in which for
detection purposes, despite the β interference, the system is
composed of P = 2 MTs and R = 2 BSs. The power associated
with the different links ξp,r is given by

4C =


ξ1,1 ξ1,2
ξ2,1 ξ2,2


=


1 1
1 1


. (11)

Nevertheless it is also taken into account the interference
originated from the remaining MTs for detection purposes. For
localized detections in clusters scenarios, Hk, firstly defined in (3),
is written according to the cluster that is being considered. So, for
the case in (11) we only consider HC from the complete Hk matrix
form. Therefore, the F and B coefficients are given by

FC = κ3CHH
C e2 (12)

and

BC = HCFC − e2, (13)

with

3C =

HH

C


I2 − P2

2


HC + f (SNR) I2

−1
. (14)

4.1.2. FD (Full Detection)
The FD (Full Detection) procedure is employed with total

sharing of information. The system can be seen as a single cluster
with P = R = 4 and it presents macro-diversity effects inherent
to BS cooperation architectures and the power associated with the
different links ξp,r can be written as

4 =

ξ1,1 ξ1,2 ξ1,3 ξ1,4
ξ2,1 ξ2,2 ξ2,3 ξ2,4
ξ3,1 ξ3,2 ξ3,3 ξ3,4
ξ4,1 ξ4,2 ξ4,3 ξ4,4

 =

1 1 β β
1 1 β β
β β 1 1
β β 1 1

 . (15)
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Fig. 2. 1st MT transmission contributions.
4.1.3. HD (Hybrid Detection)
The HD (Hybrid Detection) method corresponds to an interme-

diate scheme for the detection procedure. By enabling the HD ap-
proach we can have higher interference values given by β . This in-
creases the detection requirements in comparison with SCD and
decreases regarding FD. In this case, the power associated with the
different links ξp,r is given by

4 =


ξ1,1 ξ1,2 ξ1,3 ξ1,4
ξ2,1 ξ2,2 ξ2,3 ξ2,4


=


1 1 β β
1 1 β β


. (16)

4.2. Linear set of cells

Instead of a limited inter-cell links scenario we can consider
a more realistic scenario, shown in Fig. 3. For the sake of
simplicity we only show the interference effect (represented by
the coefficient α) originated from the 1st MT. As previously
described with the β parameter, α indicates the average power
below the main link. BSs that are further away will receive
lower interference levels when compared with the closest ones.
Moreover, there is some overlapping between clusters. In this case,
each cluster performs the detection in a localizedmethod and they
can iteratively share side information through the backhaul link in
order to strategically compensate the higher or lowest amount of
information shared. Hence, we have an iterative receiving scheme
in each cluster provided by the implementation of BS cooperation
systems and an iterative detection strategy with the sharing of
information in a C-RAN type environment. Regarding Fig. 3, the
power associated with the different links ξp,r is given by

4 =


1 α α2 α3

α 1 α α2

α2 α 1 α

α3 α2 α 1

 . (17)

Moreover, for a SCD method, where each cluster detects its MTs,
the power associated with the different links is given by the
expressions

4C =


ξ1,1 ξ1,2
ξ2,1 ξ2,2


=


1 α
α 1


. (18)

Clearly, the complexity of each detection scheme is conditioned
by the size of matrices to invert, in which is done for each iteration
and subcarrier, and the required overheads for exchanging
received signals and data estimates. This is directly related with
the iterative algorithm, where the received signals have size N and
the data estimation (concerning each inter-cluster iteration), also
have size N . For the Single Cluster Detection, this must be done for
each cluster.
The complexity of the considered receiver is essentially
conditioned by the size of the matrices to invert and the required
overheads for exchanging received signals and data estimates,
which is shown in Table 1. P and R indicate the total ofMTs and BSs,
respectively, that are being considered in the system. Moreover, Pc
and Rc are theMTs and BSs, respectively, that belong only in a given
cluster.

When we consider clustered architectures, the complexity
is conditioned by the fact that for each frequency and each
iteration it is necessary to invert a matrix with the cluster
dimension. Regarding FD approaches it is necessary to invert a
matrix with dimensions equal to the number of receiving BSs. For
clustered systems, the global iterations required is related with
the number of intra-cluster iterations times the number of inter-
cluster iterations, i.e., 3 to 4 intra-cluster iterations times 1 to 3
inter-cluster iterations. Moreover, with the iterative algorithm the
received signals have size N and the data estimation (concerning
each inter-cluster iteration), also have size N . In the FD definition
it is only necessary to perform 3 or 4 iterations. When the Single
Cluster Detection is enabled, this must be considered to each
cluster.

5. Performance results

The previous section described different detection techniques
in a clustered context, where the interference levels are related
with two scenarios, mainly a 2 cells scenariowith limited inter-cell
links and a more realistic scenario. In this section we present a set
of performance results to properly evaluate both cases previously
explained.

The data blocks associated with each MT have N = 256 data
symbols, selected from aQPSK constellation under a Graymapping
rule, plus an appropriate cyclic prefix. We considered a multipath
channel with 64 symbols-spaced taps and uncorrelated Rayleigh
fading on the differentmultipath components (similar resultswere
observed for other channels with rich multipath propagation). The
channels between different transmitting and receiving antennas
are assumed uncorrelated. We have perfect synchronization and
channel estimation. It is assumed that the useful part of the blocks
transmitted by different MTs arrive at each BS simultaneously. In
practice, this could be accomplished by employing extended cyclic
prefixes, with duration longer than the maximum overall channel
impulse response plus the difference between the maximum and
minimum propagation delay between MTs and BSs, provided that
we have accurate channel estimates.

Let us start by considering the limited inter-cell links scenario
(illustrated in Fig. 2). Fig. 4 illustrates the case where we have
a BS cooperation scenario employing a FD approach with the
interference parameter β corresponding to 0 dB. It is clear that
there is a significant performance improvementwhen the received
signals associated to different BSs are combined. The performance
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Fig. 3. 1st MT transmission contributions.
Table 1
Complexity and required overheads.

Matrix inversion Required overheads
Dimensions Received signals Data estimates

Full Detection R × R R 0
Single Cluster Detection Rc × Rc Rc 0
Hybrid Detection R × R R R
Fig. 4. BS cooperation scenario with C = 1 clusters, P = 4 MTs, R = 4 BSs and
β = 0 dB.

improvement is higher for the 1st iteration, that corresponds to the
linear FDE, which is due to the higher residual ISI (Inter-Symbol
Interference) at the FDE output. Moreover, the performance of the
iterative receiver is already close to the MFB after just 4 iterations
and the macro-diversity also reduces the shadowing effects and
improves overall coverage.

Fig. 5 considers the BER performance when the receiver is
based on that described in [20] framed on a clustered scenario.
BSs 1 and 2 are associated with one cluster and BSs 3 and 4 to
the other, with interference β = −15 dB. From this figure it
is clear that we can have relatively good separation for different
MTs. However, the performance degrades for high SNR values
(i.e., high values of Eb/N0). This is due to the fact that our receiver
assumptions does not consider the inter-cluster interference. For
low SNR this is not a problem because the noise is much higher
than the residual interference. But for high SNR this leads to a
mismatched receiver, since the F and B coefficients are designed
assuming lower interference levels. To overcome this problem, we
Fig. 5. BER performance for the receiver of [20] in the clustered scenario (one
cluster associated to BSs 1 and 2 and the other associated to BSs 3 and 4), when
β = −15 dB.

can modify (7) so as to preclude σ 2
n /σ 2

s = 1/SNR taking values too
small. This can be done by using f (SNR) as

f (SNR) =


1/SNR if SNR < SNR0
1/SNR0 if SNR ≥ SNR0

(19)

instead of the initially f (SNR) = 1/SNR in (7), i.e., by performing
a kind of clipping on SNR when we are computing the receiver
parameter. We verified SNR0 = 13 dB leads to relatively good
results. The corresponding BER performance is depicted in Fig. 6.
This value of SNR0 was employed in the remaining of the paper.
Additionally, the performance results are compared with the case
where the FD is employed (i.e., a full BS cooperation detection
scheme), since there is not a single definition of MFB for clustered
scenarios.

Figs. 7 and 8 show the average BER performance for all
MTs, regarding the detection types described in (11) and (16),
respectively. In each figure it is shown the performance results



34 F.C. Ribeiro et al. / Physical Communication 23 (2017) 29–36
Fig. 6. As in Fig. 5, but setting a limit on the SNR with SNR0 = 13 dB in (19).

Fig. 7. BS cooperation scenario with C = 2 clusters, each cluster with P = 2 MTs
and R = 2 BSs. Detection type based on the SCD approach.

for β values of −20 and −15 dB. Both figures demonstrate that
less transmitted power for the interference links induces better
performance results. Moreover, it can be seen that there is not a
significant difference between the two detection approaches, and
in this case it can be considered the detection type regarding the
cluster only, which requires less processing.

Let us now analyze the case where 2 clusters communicate
to allow interference cancellation and to decrease the overall
system’s detection requirements. Fig. 9 illustrates the MTs average
values for the BER performance results considering the detection
based on the single cluster detection method. Clearly, it can be
seen that with inter-clusters iterations the BER performance is
practically the same of the full BS cooperation case after just 3
iterations. Furthermore, with this approach we can detect the MTs
with significant accuracy and decrease the detection requirements,
especially when comparing to the results shown in Fig. 4.

Regarding the study of a cellular system based on a more
realistic scenario (see Fig. 3), Fig. 10 illustrates the average BER
performance from all MTs for each iteration when α corresponds
to −20, −15 and −10 dB. As with the scenario previously
studied, these results show the impact of higher interference
values (α = −10 dB) on the performance of the considered
receiver, when comparing with lower values such as α = −20 dB.
Fig. 8. BS cooperation scenario with C = 2 clusters, each cluster with P = 2 MTs
and R = 2 BSs. Detection type based on the HD approach.

Fig. 9. BS cooperation scenario with C = 2 clusters, each cluster with P = 2
MTs and R = 2 BSs. Detection type based on the SCD approach with inter-cluster
communication.

When considering α = −20 dB, at the fourth iteration, it is
already possible to have performance results close to the Full
BS cooperation scenario. Considering the scenario presented in
Fig. 10, Fig. 11 shows the average iterations that are required
for the receiver to perform a successfully detection of a given
detected block.Moreover,we also show the PER (Packet Error Rate)
associated with the same case. It is possible to see that for high
values of Eb/N0 and considering α = −20 dB only one iteration
is required, decreasing greatly the process involved to perform the
detection. For low values of Eb/N0 the receiver had to perform 4
iterations, even though it was not sufficient to successfully detect
the majority of the blocks, as we can conclude from the PER
performance. Nevertheless, it is possible to practically achieve the
performance provided by the Full BS cooperation case.

Enabling the sharing of information between clusters in a
iterative methodology, Fig. 12 shows the 4th iteration of the
average BER performance for all MTs considering the possibility of
having inter-cluster iterations. The α values considered are −10,
−5 and −3 dB. Similarly to the case where we have limited inter-
cell links, by increasing the number of inter-cluster iterations the
performance results can be very close to the Full BS cooperation



F.C. Ribeiro et al. / Physical Communication 23 (2017) 29–36 35
Fig. 10. Average BER performance of all MTs for each iteration, when α = −20,
−15 and −10 dB.

Fig. 11. Average iterations required for successfully detect a given block (A) and
average PER (B) performance, in the conditions of Fig. 10.

scenario, even for high values of α such as −5 dB. Nevertheless,
for α = −3 dB the performance is largely degraded. So, it is
possible to sustain high interference environments by increasing
the processing of the iteration method. Taken into account the
same scenario presented in Fig. 12 let us consider the average inter-
cluster iterations required to perform a successfully detection in
a given block and the PER performance regarding the same case.
These results are depicted in Fig. 13, wherewe considered α values
of −10, −5 and −3 dB. As expected, for α = −10 dB we only
need approximately 1 iteration for a high Eb/N0. For lower values
of Eb/N0, regardless of the α interference we need 3 inter-cluster
iterations, which requires an overload of backhaul information
shared between clusters. Moreover, even with 3 iterations the
detector was not able to successfully perform the detection, as
confirmed by the PER performance.

It should be pointed out that for very large systems the use
of the FD technique is too complex, and our clustered techniques
can be a very interesting alternative. However, if the interference
Fig. 12. 4th iteration of average BER performance for all MTs, when α = −10, −5
and −3 dB and up to 3 inter-cluster iterations.

Fig. 13. Average inter-cluster iterations required for successfully detect a given
block (A) and average PER performance (B), for each inter-cluster iteration, in the
conditions of Fig. 12.

levels are still significative, then it must be necessary to combine
our techniques with other techniques, for reducing the number
of interfering cells. On the other hand, if the system is operating
at very high frequencies (e.g., for mm-wave communications),
physical obstacles such as walls can be enough to reduce the
number of cells with strong interfering levels, allowing the direct
employment of our clustered detection schemes.

6. Conclusions

In this paper we considered the uplink transmission in wireless
cellular systems in C-RAN type environments employing BS
cooperation architectures and universal frequency reuse.We focus
on the use of SC-FDE modulation schemes and IB-DFE based
receivers for the detection process. Moreover, we considered the
implementation of clustered techniques to simplify the detection
procedure and to reduce the side information that must be
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transmitted by the backhaul network. The proposed methods
depend on the interference level and from our results it can
be concluded that, in the uplink transmission, it is possible to
accurately detect the MTs with low detection requirements. When
enabling an inter-cluster communication methodology, one can
allow the flexibility of increasing the interference value and
maintain a low overall system’s detection requirement without
sacrificing the performance.
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