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ARTICLE INFO ABSTRACT
Keywords: As the number of subscribers in wireless communication systems grows rapidly, it has become important to
Multi-user communication design efficient medium access control (MAC) protocols to realize resources sharing among multiple users.

Medium access control (MAC)

Co-channel interference (CCI)

Interference management (IM)
Spectral efficiency

When designing a MAC, effective management of co-channel interference (CCI) among multiple concurrent
transmissions is critical to enhancing system’s spectral efficiency (SE). Although MACs based on existing
signal processing can suppress/mitigate CCI among multiple concurrent transmissions, they either consume
communication resources or attenuate the desired signals’ transmission, hence incurring loss of transmission
performance. To remedy this deficiency, we propose a Framed Fidelity MAC (F*MAC) to losslessly pack multi-
user data transmissions into a virtual point-to-point (p2p) framework. Under F?’MAC, the common receiver (Rx)
selects a virtual framed-channel (a.k.a. framework) and broadcasts it to all mobile terminals. The latter calculate
their precoding vectors based on the received virtual framework and their respective communication channels
with respect to (w.r.t.) the Rx. Then, the pre-processed signals of multiple users are sent to the Rx via different
eigenmodes of the framed-channel. By applying a receive filter to the received mixed signal, Rx can recover
users’ desired data without interference. Since F’MAC can decouple the channel quality information (CQI)
from channel direction information (CDI) related to the user’s signal transmission, — i.e., CQI is exclusively
determined by the user’s communication channel while CDI depends on the unified framework, it can avoid
the transmission performance loss incurred by existing signal processing based MAC which adjusts both CQI
and CDI simultaneously. Moreover, we propose a Flexible Framed Fidelity MAC (F?MAC) to further improve
the system’s SE. By dynamically re-constructing the virtual framed-channel at each mobile user, the user’s
transmission can be realized with the principal eigenmode’s gain of his/her communication channel. Our in-
depth analysis and simulation results have shown the proposed MAC methods to significantly improve the SE
of multi-user communication systems.

1. Introduction Orthogonal Multiple Access (OMA) [2], i.e., interference-free multi-
user transmissions are realized by orthogonally dividing and allocating

With the development of 5G (The Fifth Generation) and future resources to different users. Although OMA can avoid co-channel inter-
communication technologies, the number of subscribers and devices ference (CCI) among multiple concurrent transmissions, it also reduces
connecting to the network has been increasing dramatically, resulting the efficiency of resource utilization, hence limiting the improvement

in rapid growth of users’ data traffic. To efficiently utilize limited
spectrum resources and accommodate more subscribers’ data trans-
missions, medium access control (MAC) has been studied extensively
since the birth of mobile communication [1]. Typical MACs can be
divided into fixed and random multiple accesses. The former includes
Time Division Multiple Access (TDMA), Frequency Division Multiple

Access (FDMA), Code Division Multiple Access (CDMA), Space Division ” ’
Multiple Access (SDMA), etc. These MAC schemes are featured as (CSMA) [4], Packet Reservation Multiple Access (PRMA) [5], etc.

of system capacity. Random multiple access allows users to dynamically
access communication resources, and hence can improve the flexibility
of resource sharing. However, it inevitably incurs collision and conflict
when more than one user claim/use the same resource, thus yielding
communication outage and resource wasting. Typical random multiple
access schemes include ALOHA [3], Carrier Sense Multiple Access

* Corresponding author.
E-mail address: zli@xidian.edu.cn (Z. Li).

https://doi.org/10.1016/j.comnet.2022.109425
Received 21 March 2022; Received in revised form 7 August 2022; Accepted 13 October 2022

Available online 21 October 2022
1389-1286/© 2022 Elsevier B.V. All rights reserved.


http://www.elsevier.com/locate/comnet
http://www.elsevier.com/locate/comnet
mailto:zli@xidian.edu.cn
https://doi.org/10.1016/j.comnet.2022.109425
https://doi.org/10.1016/j.comnet.2022.109425
http://crossmark.crossref.org/dialog/?doi=10.1016/j.comnet.2022.109425&domain=pdf

Z. Li et al.

Of those OMA schemes, SDMA can distinguish multiple transmis-
sions sharing the same time and frequency resources in spatial do-
main by employing multiple antennas at both ends of communication
link [6]. SDMA is based on the Multi-Input Multi-Output (MIMO)
technique, which has been incorporated into international standards of
some promising communication systems such as IEEE 802.11ac [7] and
Long-Term Evolution Advanced (LTE-A) [8]. Besides, massive MIMO
has also become one of the key technologies for 5G. Therefore, research
on MIMO-based MAC is of both theoretical and practical significance.
In Multi-User MIMO (MU-MIMO) uplink system, signals from multiple
mobile terminals are superimposed on each other at their common
receiver (Rx); as for downlink MU-MIMO system, the signal perceived
by each mobile user contains not only the desired component, but also
the undesired signal components intended for the other users. There-
fore, for both uplink and downlink multi-user communication systems,
signals should be appropriately processed at the transmitter (Tx) and/or
Rx so as to avoid CCI, or decoding error will occur in recovering the
desired data. In practice, we can pre-process (a.k.a. precode) the signals
in spatial domain, i.e., adjusting the spatial features of users’ signals,
so as to coordinate their spatial relationships to mitigate CCI. However,
since the spatial channels of mobile users are usually independent of
each other, pre-processing will cause spatial mismatch between users’
signals and their channels, hence decreasing users’ data rate [9]. So,
mitigating CCI with less or even no users’ transmission performance
loss is a challenging issue in the design of MAC and requires a thorough
investigation.

Besides, in order to remedy the deficiency of OMA in resource
utilization, researchers have proposed numerous Non-Orthogonal Mul-
tiple Access (NOMA) techniques, such as Power Domain NOMA (PD-
NOMA) [10], Sparse Code Multiple Access (SCMA) [11] and Pattern
Division Multiple Access (PDMA) [12], in recent years. Compared to
conventional OMA, NOMA can accommodate more subscribers pro-
vided with the same amount of spectrum resources, thus improving
system spectral efficiency (SE) [13]. However, NOMA needs to elim-
inate CCI by employing computational expensive signal processing
algorithms [14].

Based on the above discussion, effective management of multi-
user interference is crucial for MAC design. Typical interference man-
agement (IM) methods include Zero-Forcing (ZF) reception [15], Ze-
roforcing Beamforming (ZFBF) [16], Block Diagonalization (BD),17,
Interference Alignment (IA) [17], and Interference Steering (IS) [18].
Although these IM-based multi-user communication mechanisms can
realize interference-free multi-user transmission, they need adjust the
spatial features of transmitted signals, thus causing a mismatch between
the adjusted signals and their communication channels, e.g., both
ZFBF and BD sacrifice individual users’ data rate as compared to that
achieved in point-to-point MIMO (p2pMIMO) transmission. So, we call
such pre-processing schemes lossy precoding. Similarly, at the Rx-side, as
the receive filter does not match the desired signal, e.g., ZF reception,
the user’s data rate becomes inferior to that obtained under p2pMIMO.
So, we call such post-processing methods lossy filtering.

As a comparison, in Singular Value Decomposition (SVD) based
p2pMIMO transmission, both precoding and filter vectors match the
channel between Tx and Rx, so that single-user channel capacity can be
maximized [15]. In practice, channel state information (CSI) consists of
channel quality information (CQI) and channel direction information
(CDI), indicating the gain and spatial feature of channel and signal
transmitted therein, respectively. CDI at the Tx-side (i.e., CDI-Tx) is
always used for precoding, while CDI at the Rx-side (i.e., CDI-Rx) can be
exploited for determining the filter vector/matrix. Thus, as long as the
precoder and receive filter match the channel, the user’s transmission
can be realized with the gain of his/her own channel (i.e., user’s CQI
is preserved), achieving lossless pre- and post-processing. In essence,
existing IM methods modify CDI and CQI simultaneously, hence in-
curring a mismatch between the user’s signal and channel, i.e., loss of
transmission gain yields. It is, therefore, important to develop a new
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signal processing method that only adjusts CDI while preserving CQI,
so that the capacity of multi-user system can be enhanced.

To meet this need, we propose a Framed Fidelity MAC (F*MAC)
for multi-user uplink communications. With F?MAC, the common Rx
chooses a virtual framed-channel (H). From the decomposition of Hy
we can obtain a left framed-matrix L, and a right framed-matrix R.
Next, Rx broadcasts H to all Txs (users); each user (say Tx,) calculates
an adjusting matrix based on his/her own transmission channel (H,)
and the received Hy. Then, according to Ry and the adjusting matrix,
the precoding vector for Tx, can be computed. At the Rx, the receive
filter for each user’s signal is determined based on L. With F°MAC,
multi-user transmissions can be packed into a framework determined
by Hp, so that they can be simultaneously sent to Rx without interfer-
ence; this is similar to p2pMIMO where multiple data transmissions are
transmitted via a set of decoupled interference-free spatial subchannels.
As for Tx,’s transmission gain, it is exclusively determined by its
channel H,. That is, F"MAC realizes lossless signal processing by only
modifying the user’s CDI while completely preserving the user’s CQI.
In addition, we develop an improved version of F?MAC by flexibly re-
constructing the virtual framework at each Tx before computing the
precoding vector, namely Flexible FPMAC (F?MAC), so as to further
improve the system SE.

The main contributions of this paper are two-fold:

+ Proposal of Framed Fidelity MAC (F?MAC) for multi-user up-
link communications. By introducing a virtual framed-channel
(framework) and calculating the adjusting matrix based on it, the
user’s precoding vector and the corresponding receive filter at the
common Rx are determined. With F?MAC, multiple transmissions
can be packed into the virtual framework without interference,
while the user’s transmission gain is exclusively determined by
his/her channel.

Proposal of Flexible Framed Fidelity MAC (F°MAC). To further
improve system SE, each user re-constructs the virtual framework,
i.e., the left and right framed-matrices, and designs precoding
vector based on the modified framework, then each user’s trans-
mission can be realized with the gain of his/her channel’s prin-
cipal eigenmode. This way, system SE can be further improved
compared to F°MAC.

The rest of the paper is organized as follows. Section 2 gives the
related work while Section 3 presents the system model. Section 4
details the design of F?MAC and its improved version FPMAC. In Sec-
tion 5, we evaluate the performance of the proposed methods. Finally,
we conclude the paper in Section 6.

Throughout this paper, we use the following notations. The set
of complex numbers is denoted as C, while vectors and matrices are
represented by bold lower-case and upper-case letters, respectively. Let
X and X~! be the Hermitian (or conjugate transpose) and inverse of
matrix X, respectively. ||x|| represents the Euclidean norm of vector x.
E(-) denotes statistical expectation.

2. Related work

In this section, we will present some existing multiple access meth-
ods and IM-based multi-user transmission schemes.

2.1. MAC schemes

As is known, the fixed MAC techniques, such as TDMA, FDMA,
CDMA and SDMA realize multiple concurrent transmissions by guaran-
teeing their orthogonality in time, frequency, code and spatial domain,
respectively. These methods avoid CCI through orthogonal division of
resources. However, due to the limited time and frequency, the number
of concurrent transmissions TDMA or FDMA can support is limited.
As for CDMA, its capacity is restricted by residual interference among
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different users’ codes, i.e., a user’s received signal-to-interference-plus-
noise ratio (SINR) decreases as the number of transmissions grows, thus
limiting the system capacity. Moreover, SDMA’s capacity depends on
the number of antennas at the Tx- and/or Rx-side, which is limited by
the complexity and hardware cost of communication equipments.

In order to support more users’ data transmissions and meet the de-
mand for high system capacity, design of novel MAC technique is essen-
tial. In recent years, researchers have proposed numerous NOMA tech-
niques [10-12]. For example, a NOMA scheme was proposed in [10] for
downlink communication, with which the Tx allocates various amounts
of transmit power to two mobile users based on their channel qualities
— specifically, a smaller (larger) amount of transmit power is allocated
to the user with good (poor) channel quality. Signals of different users
can then be simultaneously transmitted over the same frequency chan-
nel, but CCI occurs. The user with good channel quality first decodes
and re-constructs the relatively-strong unintended signal component,
and then employs Successive Interference Cancellation (SIC) to subtract
the re-constructed signal from the received mixed signal, so as to obtain
the desired signal without CCI and recover the information therein. As
for the user with poor channel quality, s/he can recover the desired
data directly from the received mixed signal owing to the high received
SINR. The above NOMA scheme is also regarded as a Power Domain
NOMA (PD-NOMA) in [19]. Note that PD-NOMA is also applicable
to uplink multi-user systems [20,21]. Besides PD-NOMA, there are
other schemes, such as Sparse Code Multiple Access (SCMA) [11] and
Pattern Division Multiple Access (PDMA) [12]. With SCMA, sparse
codewords of multiple layers of User Equipments (UEs) are overlaid
in code and power domains and carried over shared time-frequency
resources; the coded bits are directly mapped to multi-dimensional
sparse codewords selected from layer-specific SCMA codebooks, hence
improving SE with multi-dimensional constellation [11]. Accordingly,
the Rx employs a Message Passing Algorithm (MPA) instead of SIC for
multi-user detection, but MPA requires an unacceptably high amount
of calculation when serious collision happens. The authors of [12]
first defined pattern as the mapping of transmitted data to a resource
group that may consist of time, frequency, and spatial resources or any
combination thereof. Then, the pattern is introduced to differentiate
signals of multiple users sharing the same resource. At the Rx-side, SIC
is adopted in multi-user detection.

Although NOMA is deemed advantageous over OMA in system
capacity, NOMA eliminates CCI at the cost of increasing the complexity
of signal processing. Among existing CCI mitigation and multi-user
detection methods, the widely used linear detection algorithm, SIC,
suffers the error-propagation problem. That is, if an error occurs in the
previously detected signal component, the subsequent signal detection
will degrade due to the propagation of error [20]. As for the nonlinear
detection algorithms, Maximum Likelihood (ML) detection can achieve
good multi-user detection performance by inspecting all possible signal
combinations and selecting the one that best matches the received
signal as the output, but the computational complexity of ML grows
exponentially as the number of concurrent users and modulation order
increase. The other nonlinear method, i.e., detection based on Max-
imum A Posteriori (MAP), needs to calculate the Euclidean distance
between the symbols carried in the received signal and all of the
unintended signals/interferences; the complexity of MAP becomes too
high as a large number of users are involved in the system. Although
the above two nonlinear detection algorithms can achieve optimal
performance in a flat fading channel [14], they are computational
expensive; especially when applied to downlink communication sys-
tem, both methods require mobile users to have strong computational
power, hence impeding their practical use.

2.2. IM-based multi-user communication methods

There have been numerous IM methods developed for multi-user
communication systems. By pre-processing/precoding at the Tx-side
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and/or post-processing/filtering at the Rx-side, IM methods can sup-
press or eliminate the influence of interferences. Of these methods,
ZF reception [15] post-processes the received mixed signal at the
interfered Rx with filter vector(s) orthogonal to the interferences, then
disturbances to the desired transmission(s) can be mitigated. However,
since the spatial feature of ZF filter does not match the desired trans-
mission, the received desired signal suffers power loss. Both 1A [17]
and ZFBF [16] pre-process signals at the interfering source(s) to make
multiple interferences orthogonal to the desired signal(s) at the inter-
fered Rx, which will avoid disturbance to the desired transmission(s).
BD [22] suggests that the transmitted signal from base station (BS)
intended for a particular mobile station (MS) be restricted to the null
space created by the downlink channels associated with all the other
users. Therefore, all inter-user interferences within the cell at the MSs
can be fully suppressed. However, while IA, ZFBF and BD adjusting
the transmitted signals to avoid CCI, they cause mismatch of the signal
sent from the interfering Tx to its serving Rx and its transmission
channel, hence decreasing the reception gain of the desired signal at the
interfering Rx (i.e., Rx associated with the interfering Tx) [16,17,22].
That is, IA, ZFBF and BD realize multi-user communication at the cost
of some subscribers’ performance loss. In [18], IS constructs a steering
signal at the interfered Tx (i.e., Tx corresponding to the interfered
Rx) and sends it to the interfered Rx along with the desired signal.
This steering signal interacts with, and adjusts the interference into the
subspace orthogonal to the desired transmission at the interfered Rx so
that the effect of disturbance to the desired transmission is eliminated.
However, IS consumes transmit power for generating steering signal,
thus under transmit power constraint, power for desired transmission
is reduced, incurring performance loss of desired transmission. More-
over, similarly to IA, IS needs to consume a Degree-of-Freedom (DoF),
or an antenna, at the interfered Rx for accommodating the adjusted
interference(s) [18]; note, however, that such a DoF could be used
for desired transmission. Compared to p2pMIMO employing SVD based
pre- and post-processing, in which the right and left singular matrices
of the channel matrix, acting as CDI-Tx and CDI-Rx, respectively,
cooperatively determine the spatial features of sub-channels, either pre-
processing with BD and ZFBF, or the post-processing of ZF reception,
are lossy.

3. System model

We consider uplink transmission in a multi-user system consisting
of K Txs and one common Rx. Each Tx is equipped with N; > 1
antennas, and the Rx has N > 1 antennas. Transmit power of each
Tx is Pp. There is no collaboration among Txs. For simplicity, we
assume Beamforming (BF) is employed at Tx, (k € {1,2,...,K}). The
transmitted data of Tx, is x,, satisfying E(||x,||?) = 1. All Txs transmit
to Rx simultaneously. The system is assumed to have established ideal
synchronization, i.e., signals from Txs arrive at the Rx at the same time.
We use H, € CVN®*Nt where k € {1,2,..., K} to denote the channel ma-
trix between Tx, and Rx. We employ a spatially uncorrelated Rayleigh
flat fading channel model so that the elements of H, are modeled as in-
dependent and identically distributed zero-mean unit-variance complex
Gaussian random variables. Channels are characterized by block fading,
i.e., channel parameters in a block consisting of several successive
transmission cycles remain constant in the block and vary randomly
between blocks. We assume Tx, can accurately estimate H,, and feeds
it to Rx via an error-free low-rate link. We assume reliable links for the
delivery of CSI and signaling. The delivery delay is negligible relative
to the time scale at which the channel state varies.

4. Design of virtual framework based lossless MAC

We first briefly introduce some of typical lossy signal processing
methods for multi-user detection, and then detail the design of F’MAC.
We will then propose the Flexible F?MAC, or F*MAC, to further improve
the system SE. In the end, we will discuss the power overhead and
various eigenmode matching methods for the proposed MACs.
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Fig. 2. Illustration of multi-user transmission without IM.

4.1. Introduction to lossy multi-user signal processing

According to the system model given in Fig. 1, we take x,’s detec-
tion as an example without loss of generality. Then, the received signal
at Rx can be expressed as:

K
y= \/P_THkpkxk + 2 \/FTH,-p,-x,- +n (D]
i=1,i%k

where the first term on the right-hand side (RHS) of Eq. (1) is the
desired signal, the second term represents the sum of interferences from
the other K — 1 Txs. p; is the precoding vector for x; at Tx;. n is an
Additive White Gaussian Noise (AWGN) vector, whose elements have
zero mean and variance ¢2. In order to decode x;, Rx adopts filter
vector w, to obtain the estimated signal as:

K
V= \/Ewlf’Hkpkxk + wf Z \/}TTH,.pixi + w,f’n. 2)
i=1,i%k

There are two basic reception methods: matched filtering (MF)
and ZF reception. With MF, the spatial feature of filter vector w, is
consistent with that of the signal carrying x,, and thus w, can be
determined as w, = nﬁ’;ku' MF can maximize the receiving power
of the desired signal, but the interferences remain un-managed. As for
ZF reception, since it cannot guarantee the match of filter vector with
the intended signal, resulting in desired signal’s power loss, i.e., ZF
reception is lossy.

Besides Rx-side filtering, Tx-side precoding can also be employed to
realize multi-user communication. For example, ZFBF and BD adjust the
spatial features of transmitted signals to avoid CCI. However, with both
methods, the spatial features of pre-processed signals no longer match
their channels, hence incurring loss of transmission gain. Therefore,
both ZFBF and BD are lossy.

To illustrate the basic principle of various signal processing meth-
ods, we take beverage transportation as an example. As Fig. 2 shows,
there are four types of beverages to be transported. Their shapes and
volumes (determined by the bottles) are different from each other, such
characteristics can be used to represent the quality of signal trans-
mission. The box used for transportation denotes the spatial channel
resource. Then, processing and transmission of multi-user signals can
be regarded as packing and transporting multiple types of beverages.
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Fig. 3. Illustration of multi-user transmission with lossy signal processing.

Fig. 2 illustrates multi-user transmission without IM. As the fig-
ure shows, all of the bottles are directly loaded (i.e., signals without
pre-processing) into the box without proper separation (i.e., spatial
resource is not properly divided for multi-user transmissions). Then,
due to collisions during transportation (i.e., interference among con-
current transmitted signals), the bottles may be broken, hence yielding
leakage and mixing different beverages (i.e., interferences are not
properly managed). Therefore, at the destination the beverages cannot
be received intact; that is, due to bottle damage, only a portion of
beverage remaining in the bottle is uncontaminated (i.e., the recovery
of desired data is impaired by interferences and hence transmission
quality loss occurs).

From Fig. 2 we can see that as CCI is un-managed, signals over-
lapped with each other at the Rx, so that the quality of multi-user
signals’ detection deteriorates. In order to manage interference, we
can pre-process the signal at Tx. Fig. 3 plots multi-user transmission
with lossy signal processing. As the figure shows, by dividing the space
of box into multiple grids, collisions among bottles can be avoided
(i.e., orthogonality among multiple transmissions is guaranteed). How-
ever, since the setting of partitions does not take the beverages’ features
(i.e., shape and volume) into account, the shape and volume of bottles
should be standardized, thus yielding modification of original bottles
(i.e., signal quality loss occurs). Owing to the mitigation of collisions
among bottles, beverages can be received intactly at their destination.
Although the multi-user transmission illustrated in Fig. 3 can avoid
CCI, since the spatial channels between users and the Rx are always
independent of each other, the adjustment of multiple users’ signals
is essentially the result of compromising all users. This will cause
mismatch of users’ signals and their communication channels, hence
incurring loss of data rate.

4.2. Design of framed fidelity MAC

Note that in p2pMIMO transmission, multiple signal components
are mutually adjusted into orthogonal spatial subchannels (a.k.a. eigen-
modes) so as to eliminate CCI. The precoding vectors and receive
filters match the transmission channel so that the quality of a signal’s
transmission is exclusively determined by the eigenmode’s gain of the
channel. Therefore, the pre- and post- signal processing adopted in
p2pMIMO are lossless. In other words, they are featured as fidelity.
Based on the above observation, F2MAC introduces a virtual framed-
channel in the precoding design so that the pre-processed multi-user
signals may be sent to Rx via different eigenmodes of the framed-
channel. Correspondingly, based on the same framework, Rx designs
filter vectors to decode multi-user signals. Then, we can realize lossless
signal processing which adjusts spatial features of multi-user signals to
avoid CCI while preserving the users’ transmission gains. For simplicity,
we present the design of F’MAC under Ny = Ny = K in the following
discussion.

Under F’MAC, Rx first selects a virtual framed-channel Hp €
CNr*Nt_ H can be arbitrarily determined or the same as the user’s
channel H;, (k € {1,2,...,K}). Applying SVD to H, we can get Hy =
UFDFV;’ , the left framed-matrix L = U and right framed-matrix
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Ry = V. Then, Rx broadcasts Hy to all Txs. At the Tx-side, a user,
say Tx,, designs a precoding vector according to the received H; and
his/her own channel H,. Tx, applies SVD to H, to have H; = UkaV,f’
Next, Tx, sets its initial precoding vector to be rg) (= v(p) where rg)
and v()? denote the /th column vectors of Ry and Vj, respectively;
and then designs the adjusting matrix A, as A, = H;lL FDkR;’ ; SO
that the precoding vector can be calculated as p, = Akrg) = Akv(F’).
Tx, employs p, as the precoding vector to pre-process its data and
sends the processed signal to Rx. Users’ signals will propagate along
different spatial eigenmodes of Hy, hence mitigating CCI. Rx adopts
the column vectors in L (= Uy) to post-process the received multi-user
signals, e.g., by adopting the /th column vector of L, i.e., l(” (= (’)
which is the /th column of Uj), as the filter vector w, data Xj can
be recovered from the received mixed signal so that multi-user signals
can be detected without interference while preserving the gain of each
user’s transmission over his/her own channel H,.

In what follows, we will elaborate on F2MAC’s elimination of CCI
and realization of multi-user transmissions via mathematical modeling
and derivation. Without loss of generality, we let Tx; (i € {1,2,...,K})
adopt the ith column vector of Ry, i.e., v(}), as the initial precoder.
By substituting the precoding vector p;, = A; r(') = A v(’) and adjusting
matrix A, = H7'LD,R¥ into Eq. (1), we can get the rece1ved signal at
Rx as:

y = PrH, [H;lLFDkRgv(lf) X

K
+ Y VP, [H;ILFD,.R;fva] X +n

i=Lizk 3
= VP UD VIV, + Z VPUD VIV, +n

i=1,i#k

Take the decoding of Tx,’s data x, as an example. Let Rx select the
kth column vector of L, (= Up), i.e., lgf) (= u(;f)), as the receive filter.
Then, by applying w, = l(Fk) = u(lf) to detecting y, we can obtain the
estimated signal as:

~ k k
e = VP 10D, VEVOx,

K
k i k :
+ Y VPP U VIV, + 010
i=1,i#k

4

Since the second term on the RHS of Eq. (4) is zero, we can derive
Vi as:

= VP 170D, VEVEx, + )0
= \/Ee<k>d1ag<[/1§j) S R ) C PR (T L )
= VP A x, + ] n

where e is a unit vector whose kth element is 1 and the others are
0, i.e., e® = [0 ... ok=D 100 otk+D) ... 0K)], diag(-) represents for
diagonalization of a vector. We can see from Eq. (5) that after filtering
the received signal with w,, interference is completely eliminated.
Moreover, the gain of desired data x, is identical to that of the kth
eigenmode of Tx,’s channel H,, i.e., A;{k). In other words, with the
above signal processing, the kth main diagonal element of D, i.e., /15{"),
indicating the amplitude gain (i.e., CQI) of H,’s kth eigenmode, is
embedded into the kth eigenmode of the virtual framework H to
replace its kth gain i(Fk) which is the kth main diagonal element of D.

Furthermore, we can present the decoding of K signals in an integral
manner as follows. For simplicity, we omit the noise term in the
following derivations.

Y= z HAVx,. 6)

i=1
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Substituting A; = H-'L;D,R#, L, = U, and R = V. into Eq. (6),
we get:

Y= Z U D, VEvDy, = Z U D[] x,

i=1 (7)
. 1 k K
= U, diag ([,1<1 R N >])x

where e = [0 ... 10 ... 08] and x = [x; x, - xg]7 is the

transmitted data vector consisting of the data of K Txs. We define initial

precoding matrix P = [v(;) v(lf) V(FK)]. Since V¥P = E holds where E

is identity matrix, Eq. (7) can be rewritten as:

(K)
A1) Ex

K vH By
A1) Vi

Y:UFdiag<[A(ll) w2
(8)
:UFdiag<[/1(1]) ,15{")

We can see from Eq. (8) that with F°MAC, the pre-processed K
users’ signals are sent to Rx via different eigenmodes of Hr whose CQI
(i.e., /1(1), A(FK)) is replaced by the K users’ CQI (i.e., /1(1), /I(If)).
Specifically, Tx,’s transmission quality depends on the gain of H,’s kth
eigenmode, while its spatial feature is determined by the left and right
framed-matrices L and Ry cooperatively.

We now compare the above derivation with p2pMIMO. According
to the descriptions of p2pMIMO in [18], applying SVD to the channel

between Tx and Rx, ie, H,, € CN&*N7, we can have H,, =
n @ in(N7.N

U,,,D,, V4 o then we adopt Py, = [v;;p v}]z)p v:;:( 7N®)] and

Wy, = [u ;12)17 222)[, v uMNT-NRDY 5 the precoding and filtering ma-

p2p
trices, respectively. Thus similarly to Eq. (8), we can get the received
signal matrix at Rx as:

Y., = Hp, P

p2pt p2pX

. 9
(min(Ng N7\ 1 (
. Apzp ]) szp p2pX

=U pzpdiag ([l;lz)p
By comparing Egs. (8) and (9), we can easily see that both equations
are very similar. The only difference is that under p2pMIMO the gains
of multiple transmissions are from one channel, H whereas for
F°MAC, diag ([4" - 4 -
users’ channels.
We adopt the filter matrix W = [u(FI> ;) u(FK )] to post-process the
mixed signal (given in Eq. (8)), and can obtain:

(K)
A7) x

p2p>
/l(lf)]) is composed of the gains from K

& . 1 k

Y=W”Y=d1ag(u‘1) e A0
B YO SR (S
= |4, "%, © Xk K XK

We can see from Eq. (10) that Rx decodes the signals of K users
without CCI, while the transmission gain of each user is exclusively
determined by its communication channel. That is, F*MAC realizes
lossless signal processing. It should be noted that in the implementation
of FZMAC, Rx needs to notify each user the index of Ry (= V) for
precoding design; accordingly, such index also determines the receive
filter selected from Ly (= Uy). Multiple Txs are differentiated by using
different indices. It can be easily seen that the system SE of FZMAC is
the sum of individual users’ SE obtained under p2pMIMO mode.

Fig. 4 illustrates the lossless multi-user signal transmission based
on the virtual framework. As the figure shows, we divide the box into
multiple separating grids of different sizes (representing for different
eigenmodes of the virtual framework). Then, in order to pack the
beverages into the box, we need to select proper sizes of bottles so as
to adapt to various grids (i.e., Tx,’s transmission quality is determined
by the gain of H,’s kth eigenmode), so that the shapes of the bottles
are preserved, and there is no collision and beverage wasting during
transportation (i.e., no transmission quality loss occurs).

Based the above discussion, FZMAC selects a virtual framework
to standardize/normalize the transmitted signals. By adjusting multi-
user signals into the spatial eigenmodes determined by the framework,
the orthogonality of signals is guaranteed. Moreover, since F>MAC

10)
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Fig. 4. Illustration of virtual framework based lossless multi-user transmission
(i.e., PMAQC).

decouples the signal’s transmission quality (i.e., CQI) from its spatial
feature (i.e., CDI), the signal’s transmission gain is determined by its
channel which can be preserved after filtering. However, it should be
noted that under F2MAC, only one user can acquire his/her principal
eigenmode’s gain, whereas the other K —1 users can only preserve their
non-principal/secondary eigenmodes’ gains. Since all of these preserved
gains are not degenerated by signal processing, F°"MAC has the fidelity
(lossless) feature.

4.3. Design of flexible framed fidelity MAC

In the design of F’MAC given in Section 4.2, Tx, transmits sig-
nal/data to Rx via the kth spatial eigenmode of Hj. Rx recovers
data x;, of Tx, with the kth eigenmode’s gain of Tx,’s channel H,,
ie., /{5:‘). As the gain of H,’s eigenmode decreases with the growth
of index k, a user with a larger index can only get a smaller gain
of his/her channel (i.e., the shapes of the bottles in Fig. 4 remain
unchanged, but in order to adapt to the grids of the box, we have to
use smaller bottles for some beverages). To solve such a non-optimal
eigenmode’s gain preservation problem, we propose Flexible Framed Fidelity
MAC (F?MAC). By dynamically re-constructing Ry (= Vp) and Ly
(= Up) at each Tx, all users can preserve the principal eigenmodes’
gains of their communication channels.

We still take Tx,’s transmission as an example. With F’MAC, each
Tx first applies SVD to the received Hp to obtain Ry = V and
Ly = Upg, and then re-constructs Ry and L, by exchanging the 1st
and kth column vectors in Ry and L, respectively. We define E(1, k)
as a matrix obtained by exchanging the 1st and kth column vectors
of an identity matrix E. Then, by right-multiplying R, and L, with
E(1, k), respectively, we can obtain the re-constructed left and right
framed-matrices Ry, and L, as:

Ry, = RyE(1,k) = [v(;) v v v}"’] (1n
and
Ly, = LyE(L k) = [uﬁf) u® ol u(FK)]. (12)

Since we have re-constructed Ry and L, we need to re-calculate
the adjusting matrix and precoding vector based on Ry, and Lg,
following A, = H;llL i DRE and p, = Akr;',z, respectively, where the
(F]Z is the 1st column vector of Ry, and according to

Eq. (11) we have r v(Fk). Substituting p, = Akr;],l into Eq. (1), we

initial precoder r
FZ =
can get a result similar to that of Eq. (3); the only difference is that in
Eq. (3) precoding vector for each Tx is computed according to Ry and
Ly, whereas under F’MAC, each user determines his/her precoder in
terms of the re-constructed framed-matrices Ry, and Lg,.

At Rx, we employ w, = l<F]1)C where l(;,)c is the 1st column vector
of Ly, as the filter vector to recover Tx,’s data. From Eq. (12), we
have l(FIi = uif). Then, adopting w, = l(Fl,)( to process the received mixed
signal can output a result similar to that of Egs. (4) and (5). According
to Eq. (4), the interference term (i.e., the second term on the RHS
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Fig. 5. Illustration of flexible virtual framework based lossless multi-user transmission
(i.e., FMAQC).

of Eq. (4)) under F3MAC is still 0. Moreover, compared to obtaining
the gain of the kth eigenmode’s of Hy, i.e., /11"), in Eq. (5), employing
W, = 1(1;11 can yield the principal eigenmode’s gain of Hy, i.e., AS).

Similarly to the discussions about Egs. (6)—(8) and (10) in Sec-
tion 4.2, each Tx dynamically re-constructs Ry and L, and designs its
precoding vector according to the re-constructed matrices. Rx adopts
filter matrix W = [u(F'; u(F]; u(;;(] = [u(;) u(ﬁ) u(FK)] to process the
received mixed signal, so that FP'MAC can realize multiple concurrent
transmissions without interference in the virtual framework H, whose
CQI is replaced by the principal eigenmodes’ gains of multiple users’
channels.

Fig. 5 illustrates the lossless multi-user signal transmission based on
the flexible virtual framework. As the figure shows, we divide the box
into multiple grids that can adapt to different shapes and sizes of the
beverage bottles. So, all beverages can keep their own characteristics,
i.e., shapes and volumes, during packing and transportation (i.e., no
transmission quality loss occurs).

From the above discussions, we can see that both F2MAC and
F?MAC can guarantee orthogonality of multi-user transmissions with
the virtual framework. The main difference is that in F*MAC each user
first re-constructs the virtual framework, and then computes his/her
precoder. As a result, F’MAC can not only eliminate CCI, but also
preserve the principal eigenmode’s gain of each user’s channel, thus
realizing high-fidelity lossless signal processing. Compared to F°MAGC,
F?MAC can yield higher system SE.

Table 1 compares some multi-user signal processing methods, in-
cluding ZF based MAC (ZF-MAC), F’MAC and F’MAC. With ZF-MAC
[23,24], users are at first sorted in descending order according to their
principal eigenmodes’ gains; next, the first column of the right singular
matrix of each user’s communication channel is selected as the initial
precoding vector; then, orthogonal projection is applied to the initial
precoders so that each adjusted precoder can be orthogonal to the
subspace formed by the spatial features of other users’ transmissions.
With such ZF-based precoders, CCI can be mitigated. However, spatial
features of users’ signals are adjusted and no longer matches their
channels, and thus loss of the transmission gain yields. Compared to the
lossy ZF-MAC’s adjusting signal’s spatial feature and transmission qual-
ity simultaneously, F"MAC and F*MAC separately adjust the above two
attributes of the users’ transmissions so that multi-user transmissions
are packed into a virtual point-to-point framework. That is, multi-
user communication is equivalent to K independent interference-free
p2pMIMO transmissions. According to F2ZMAC, the spatial features of
users’ signals are determined by the virtual framework; only one user
(indexed with k =/ where [ is arbitrarily chosen from set {1,2,...,K};
note, however, in the previous discussion we take k = 1 for simplicity)
can preserve the principal eigenmode’s gain of his/her channel while
the other users (indexed with k # /) can only obtain their secondary
eigenmodes’ gains. As for FPMAC, all users can obtain the principal
eigenmodes’ gains of their communication channels owing to the local
re-construction of the framework.
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Table 1
Comparison of various multi-user signal processing methods.
Method Whether CQI Initial gain of user’s Transmit precoder design Receive filter design
and CDI are transmission
bound together
ZF-MAC Yes Principal eigenmode’s gain p, is selected from the w, is selected to match
[23,24] right-singular matrix of H, Tx,’s transmission in
and adjusted in terms of terms of MF
the other users’
transmissions
F*MAC No Principal (indexed with Py = Akr(Fk), W, = I(Fk)
k=1) and secondary A, =H;'L;D,RY
(indexed with k #1)
eigenmode’s gain
F’MAC No Principal eigenmode’s gain P = Akr:r',:, W, = l(rlz,,

A, =H;'L;D,RY,

Ry, = RAE(1K)

Ly = LyE(1,k)

4.4. Discussion about power overhead and eigenmode matching schemes for
F’MAC and FP'MAC

From the design of F’MAC and F?MAC, we can see that although
these methods can realize lossless multi-user communication, their
precoders are no longer unit vectors. That means both methods need
to consume some transmit power to compensate for users’ transmission
gains. However, it is worth noting that although F?MAC and F*MAC
incur power overhead, their compensation for multi-user transmission
gains still has practical significance. On one hand, in traditional signal
processing based MACs [25], each Tx employs precoding to adjust the
spatial feature of its transmitted signal, and the common Rx designs
filter matrix correspondingly to recover multiple desired data from
the received mixed signal. The essence of such schemes is realizing
concurrent multi-user transmissions at the cost of some loss of Txs’
transmission rate. In other words, the desired data rate (or channel
gain) of the Tx who sends to the Rx exclusively (i.e., employing
point-to-point (p2p) transmission) is higher than that of the same Tx’s
transmission when the Tx coexists with the others. The difference
of the above transmission rates in two situations depends not only
on the quality of the channel between the Tx and Rx, but also the
scheduling priority of the Tx and the number of Txs in the system [26].
Therefore, when a Tx with high single-user data rate participates in
multi-user communication, its actual rate after comprising with other
Txs may be degraded, hence hindering the Tx to take part in multi-
user transmission. FZMAC and F°MAC can avoid such deficiency as all
Txs’ transmission gains are compensated based on their own channels.
On the other hand, in practical mobile communication systems, in
order to avoid the adjacent channel interference and near-far effect,
both the BS and MS can realize automatic transmit power control to
ensure that the signal power levels from various Txs to the Rx are
approximately the same [27,28]. This method can provide technical
basis for the implementation of FMAC and F’MAC. To summarize,
the proposed virtual framework based MAC methods are suitable for
multi-user transmissions where the Txs have sufficient power supply,
wide dynamic range of transmit power, and high demand for the
transmission performance.

In what follows, we will analyze the power cost of F’MAC and
F?MAC. We use p, to denote the precoding vector of Tx,, then Tx,’s
power cost (normalized by P;) can be represented by ||p,||>. As for
F2MAGC, the spatial correlation between the ith eigenmode of Tx,’s
channel H, and the jth eigenmode of the virtual framework Hy, de-
noted by p;(j, affects Tx,’s power cost (i.e_,_ lpI?) for transmission gain
compensation. Specifically, the larger p;{l, the less transmission gain
loss is incurred while loading Tx,’s transmission in the ith eigenmode
of H, into the jth eigenmode of Hy, and hence a reduced ||p.|* is
yielded. Similarly, under F°MAC, the spatial correlation between the
principal eigenmode (indexed with i = 1) of Tx,’s channel H, and the

Jjth eigenmode of H, represented by pllcj , influences Tx,’s ||p;|I>. The
higher p,lc/ , the less transmission gain loss is incurred while adjusting
the data transmission in the principal eigenmode of H into the jth
eigenmode of Hj, hence smaller ||p,||?> results.

Since Tx,’s power overhead under F?MAC and F*MAC depends on
ﬁg) and p;(j, and i;(l) and p,lcj , respectively, randomly matching H,’s
eigenmode with Hy’s may yield Tx, adjusting its transmission to a less
correlated H’s eigenmode, hence incurring high power compensation
cost. Then, in practice, in order to reduce the power cost for transmis-
sion gain compensation, we can match Tx’s eigenmode with H’s based
on their spatial correlation, i.e., packing user’s transmission into Hg’s
eigenmode with as high correlation as possible.

Next, we will present the realization of F"MAC and F*MAC employ-
ing Correlation-based Eigenmode Matching (CEM) in Algorithms 1 and
2, respectively. Before delving into details of F?’MAC and F*MAC with
CEM, we first define sets 2, and £, to represent the indices of un-
matched eigenmodes of Hy and the indices of Txs whose transmissions
have not completed eigenmode matching. According to the assumptions
given in the system model section, we have N, = N = K; then we
can initialize both sets as 2, = Q, = {1,..., K}. Moreover, we define
the maximum value of the correlation between the user channel’s
and Hy’s eigenmodes as p,,,,. The index of Tx who has completed
eigenmode matching is denoted by k. The indices of Tx, ’s and Hy’s
eigenmodes which have completed matching are represented by i, and
Js» respectively. p,..., k., i, and j, are initialized to be 0.

Algorithm 1 F2MAC with CEM
1: while 2,!=¢ and 2,! =@ do
for i=1to K step 1 do

3 for j € Q, do

4 for k € 2, do

5: Calculate p/ = ||[u’17u{|%.
6: if p! > p,,, then
7.
8
9

R A A e /T
end if
: end for
10: end for
11: end for
12: Match the i"* eigenmode of H, with the j* eigenmode of H, with
F2MAG;

13 Q< Q -}, 2 « 2, — {k,}
14: end while

< 0.

> Pmax

In Algorithms 1 and 2, we select the channel matrix H, where k €
{1,..., K} with the largest principal eigenmode’s gain as H, namely the
maximum gain framework. This is because: (1) When CEM is employed,
upon adopting the maximum gain framework, both F>MAC and F*MAC
can pack the transmission of the Tx with the largest principal gain
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Algorithm 2 FPMAC with CEM

1: while Q,! =@ and 2,! =@ do
2: for j € Q, do

3: for k € Q, do

4: Calculate p,l(’ = ||[u§(”]”u¥)||2.

5: if p}/ > p,,,, then

6: Je < Js k, <k, pmax<—p]lcj.

7: end if

8: end for

9: end for

10: Match the principal eigenmode of H, with the j* eigenmode of H

with F*MAG;
11: Q< 2 —{j.}, 2« 2 —{k.}, ppax < 0.
12: end while

into H’s principal eigenmode, hence yielding high transmission gain
without power compensation. As a comparison, with random gain frame-
work, i.e., Hy is randomly selected from all users’ channels, although
the Tx whose channel has been selected as Hy can preserve its principal
eigenmode’s gain without power cost, when its gain is small, only low
data rate can be yielded. (2) When Random Eigenmode Matching (REM)
is employed, if we employ the maximum gain framework, the Tx’s
transmission in the maximum-gain principal eigenmode can be packed
into the principal eigenmode of Hy (i.e., outputting high data rate
without extra power cost) with non-zero probability. As a comparison,
when we adopt random gain framework, the user channel with non-
maximum principal eigenmode’s gain may be selected as Hy. In such a
case, although REM has chance to pack the transmission of the Tx with
the largest principal eigenmode’s gain into H’s principal eigenmode,
and moreover, with both F?MAC and F°MAC, such maximum principal
eigenmode’s gain can be preserved, transmit power overhead for gain
compensation is incurred. Based on the above discussion, in order to
achieve good SE performance with low power consumption, one should
employ the Tx’s channel with the largest principal eigenmode’s gain as
Hp.

Algorithm 3 Hybrid F?3MAC with CEM

1: while 2,!=¢ and 2,! =@ do
2: Execute lines 2 to 9 in Algorithm 2.
3: if px 2 oy then

4: Match the principal eigenmode of H, with the j™ eigenmode of Hy
with FPMAGC;

S5t Q< 2y =} 2, < 2, =k}, ppax < 0

6: else

7: break.

8: end if

9: end while

10: Execute lines 1 to 14 in Algorithm 1.

Note that Tx,’s transmission gain obtained with F3MAC is 4\",
whereas that obtained under F2MAC is Ag) (i > 1). Then, given i > 1,
SE of Tx, under F2MAC is inferior to that with FPMAGC; moreover, since
/15(” > /Lg), F2MAC’s power overhead is less than F’MAC’s provided with
p;(j > pll(j . So, in order to balance the power cost and SE performance,
we can adaptively use F°MAC and F°MAC, namely Hybrid F>*3MAC.
In Hybrid F?3MAC, we employ a correlation threshold p,, for the
adaptation of F°MAC and F’MAC. When p,’ > p,,, the power cost for
gain compensation is relatively low, so we adopt F’MAC to pack the
transmission in Tx,’s principal eigenmode into H’s jth eigenmode.
Otherwise, when p,lcj < pu» FP'MAC incurs more power overhead for
transmission gain compensation, then F>MAC becomes preferable. We
present Hybrid F?43MAC with CEM as Algorithm 3.

According to the above descriptions, we can see that FXMAC and
F*MAC with CEM are special cases of Hybrid F?43MAC with CEM.
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Table 2
The complexity of main operations.

Operation FLOP counts

A +A 2mn

AA, 6mnp + 2mp(n — 1)
A;' 6m3 + 2m(m — 1)*
SVD(A)) 24m*n + 48mn® + 54n3
1Al ¢ 4mn [30]

Specifically, F’MAC with CEM can be regarded as Hybrid F?4*MAC
with CEM under p,, = 1, while FFMAC with CEM is equivalent to
Hybrid F?%3MAC with CEM under p,, = 0, respectively. The analysis
is as follows. Since we adopt the maximum gain framework, the spa-
tial correlation between the maximum principal eigenmode and Hy’s
principal eigenmode is 1; therefore, both F"MAC and F*MAC with CEM
will match the above two principal eigenmodes. As for the other Txs’
eigenmodes, their correlation with Hj’s eigenmodes is less than 1.
So, given p,, = 1, FPMAC with CEM is adopted to adjust these Txs’
transmissions into Hy’s eigenmodes. That is, under p,, = 1, Hybrid
F?$3MAC with CEM is equivalent to F’MAC with CEM. When p,, = 0,
since the spatial correlation between each Tx’s principal eigenmode and
Hy’s eigenmode is greater than 0, all Txs’ principal eigenmodes will be
matched with Hy’s following F’MAC with CEM. That is, when p,, =0,
Hybrid F?#3MAC with CEM becomes F*MAC with CEM.

In practice, the Txs can determine the correlation threshold p,,
based on their transmit power, channel conditions, and SE require-
ments. Besides the above adaption, there exist other criteria for adap-
tion in practical use. For example, defining the transmission rate of Tx;
as r, which can be calculated according to Shannon’s theory, one can
employ a coefficient 25:1 re/ Zf=1 Ilp]1? indicating energy efficiency
for F"MAC/F*MAC adaptation. Specifically, if Y r_ r./ Y5, Ip;|I* un-
der FZMAC is greater than that under FPMAC, FXMAC is adopted; oth-
erwise, if FPMAC outputs a larger Y5 r,/ Y& Ip, I, F’MAC should
be employed. Since the above adaptation criterion incurs extra compu-
tational complexity, we do not elaborate on it in this paper. Instead, we
employ p,;,-based adaption as discussed in this subsection for simplicity.

4.5. Analysis of computational complexity

In this subsection, we will analyze the computational complexity of
the proposed schemes. According to [29], the complexity is quantified
in the number of real floating-point operations (FLOPs). A real addition,
multiplication, or division is counted as one FLOP. A complex addition
and multiplication have two FLOPs and six FLOPs, respectively. First,
we give the complexity of main operations in Table 2, where A; € C"™*?,
A, € C™P and A; € C™",

Based on the parameter settings suggested in Section 4, we will give
the complexity analysis under Ny = Np = N, and the number of
users (Txs) K satisfies K < N. For FXMAC with REM, the common Rx
first randomly selects a framed matrix Hy € CN®*Mr from K channel
matrices related to the K Txs and applies SVD to it to have Hy =
UFDFV;’ , and then broadcasts the results to all Txs. This operation
takes 126N3 FLOPs. Next, each Tx, say Tx, where k € {1,2,...,K},
applies SVD to its communication channel H, to get H, = UkaV,f’ .
This operation takes 126K N* FLOPs. Then, Tx, calculates its precoding
vector p; = H'UzD, V¥ vg‘) which contains an inversion operation and
four matrix/vector multiplications. Thus, obtaining p, takes 8K N> +
28KN? — 6KN FLOPs. Since the filtering vector is directly obtained
from the SVD of Hy, no extra computation complexity is incurred.
Based on the above analysis, the FLOP count of F?’MAC with REM is
134K N3 + 126N + 28K N? — 6K N.

As F’MAC’s counterpart, F63MAC with REM incurs the re-
construction of K Txs’ left and right framed matrices, i.e., calculating
Upe = UpgE(l,k) and Vi, = VE(1, k), respectively. This operation
takes 16K N3 —4K N2 FLOPs. Therefore, the FLOP count of F*MAC with
REM is 150K N3 + 126 N3 + 24K N? — 6K N.
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As for FXMAC with CEM, its complexity can be calculated according
to Algorithm 1. As the algorithm presents, each loop includes a complex
vector calculation p¥ = ||[u5:)]H ug)llz, and the number of loops is
NZH(N=1)24--+(N=K+1)> = (6K N2—6K*>N+2K3+6K N -3K>+K) /6.
Since each calculation of p'/ takes 8 N + 3 FLOPs, the total FLOP count
of Algorithm 1 is (48KN> — 48K?N? + 16K>N + 66KN? — 42K’N +
6K3+26K N —9K? +3K)/6. Recall that SVD in the use of F?’MAC yields
134K N3 + 126 N3 + 28K N2 — 6K N FLOPs, we can get the FLOP count
of F’MAC with CEM as 142K N3 —8K2N? + 126 N3 + 39K N? - 7K?N +
K3+ (16K>N — 10KN — 9K? + 3K)/6.

Similarly, according to Algorithm 2, we can get the computational
complexity of FPMAC with CEM. In Algorithm 2, the number of loops
iSsN+(N-1D+ -+ (N-K+1) = 2KN — K? + K)/2, each loop
yields 8N + 3 FLOPs, so the FLOP count of the algorithm is (16K N? —
8K2N + 14K N — 3K? + 3K)/2. In addition, SVD in the use of FPMAC
yields 150K N3 + 126N3 + 24K N? — 6K N FLOPs. Therefore, the total
FLOP count of FP'MAC with CEM is 150K N3+ 126 N3 +32K N2 —4K2N +
KN - 1.5K? + 1.5K.

Under Hybrid F?*3MAC with CEM, we can analyze its compu-
tational complexity according to Algorithm 3. As can be seen from
Algorithm 3, Algorithm 2 is executed first, incurring QKN — K2+ K)/2
loops (each loop’s complexity is 8N + 3 FLOPs). Then, users satisfying
Pmax < P;n €xecute Algorithm 1. Note that the number of loops in
Algorithm 3 depends on the value of p,,. We define the number of
users executing Algorithm 1 as %(K,p,,) which is a function of K
and p,,. However, determining %(K,p,,) is difficult. Therefore, we
analyze the upper and lower bounds of the computational complexity
of Hybrid F?43MAC with CEM, i.e., FP'MAC with CEM under p,, = 0
and F2MAC with CEM under p,, = 1, respectively. Specifically, we can
get the upper bound (p,, = 0) of Hybrid F?**MAC’s FLOP count as
150K N3 +126N3 +32KN? —4K?N + KN - 1.5K? + 1.5K, and the lower
bound (p,, = 1) as 142KN3 — 8K>’N? + 126 N3 + 47KN? — 11K>N +
K3 —3K? + 2K + (16K>N + 32K N)/6 which is obtained by adding the
FLOP counts of F’MAC with CEM to that of Algorithm 2. Therefore, the
complexity of Hybrid F?43MAC with CEM lies between the above lower
and upper bounds.

Based on the above discussion, F°"MAC incurs the highest complex-
ity, then comes Hybrid F23MAC, and F>MAG ranks the third. However,
it should be noticed that the order of the complexity of the three
methods is identical, i.e., G(KN?).

5. Evaluation

We use MATLAB simulation to evaluate the performance of the
proposed MAC mechanisms. We set N = Np = K where N, Nz, K €
{2,4} and adopt maximum gain framework. Each Tx sends a single
data stream with power Py to the common Rx. We define the transmit
power of Tx normalized by noise power 62 as n = 101g(Pr/c2), and set
n € [-10,20] dB in the simulation.

Besides the proposed FZMAC and F’MAC with CEM and REM,
we also simulate MF, ZF reception, p2pMIMO and ZF-MAC [23,24]
for comparison. With MF, each Tx employs SVD-based precoding in
terms of its channel and adopts the principal eigenmode to transmit
signals to Rx. Rx calculates K filter vectors, each of which matches a
desired signal, then K signal components can be detected separately.
The SINR of the kth desired signal under MF can be calculated as

_ Prliwy Hepy |12 Hypy
Tk = Pr X8| L IWE B p; |12 +07 IH Pyl
filter vector for data xi. Under ZF reception, each Tx employs SVD
based precoding in terms of its channel w.r.t. the Rx, and adopts the
principal eigenmode to transmit to Rx. In decoding the kth signal, Rx
treats the other K — 1 unintended signal components as interferences.
By selecting a filter vector located in the null space of the interferences
to post-process the mixed signal, desired data without interference
can be estimated. However, such signal processing incurs loss of the
desired signal’s power. As for ZF-MAC, users are at first sorted in

where w, = denotes the matched
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Fig. 6. System SE of various methods under N = Ny = K =2 and different #s.

descending order according to their principal eigenmodes’ gains; next,
each user selects the first column of the right singular matrix of his/her
communication channel as the initial precoding vector; then, the first
user (indexed with k = 1) adopts his/her initial precoder as the final
precoding vector, while the kth (k > 1) user projects his/her initial
precoder to the subspace orthogonal to the one formed by the previous
k — 1 transmissions, so as to obtain his/her precoding vector. At the
Rx side, filter vector for each Tx’s data is determined according to the
MF reception. Under ZF-MAC, only one user’s transmission is lossless,
whereas for the remaining K — 1 users that are in descending order,
loss of a user’s transmission quality becomes severer as his/her index
increases. In what follows, we will show 4 simulation figures. The first
two figures are used to demonstrate the advantages of the proposed
methods over existing MAC methods. From these two figures, we can
also find that F*MAC outperforms FZMAC in system SE. Since such an
SE improvement is obtained by consuming more transmit power, we
then use Figs. 8 and 9 to illustrate the tradeoff between system SE and
transmit power overhead.

Fig. 6 plots the system SE of various schemes under N, = Ny = K =
2. As the figure shows, the averaged system SE of all mechanisms grows
with the increase of . F’MAC under REM and CEM achieves identical
and the highest SE. This is because F’MAC can preserve the principal
eigenmode’s gain of each user; and eigenmode matching method does
not affect FPMAC’s SE, i.e., the compensated system SE only depends
on users’ communication channels. SE of ZF reception ranks the second,
which is larger than that of F"MAC. This is because under ZF reception,
each Tx employs its principal eigenmode for data transmission, while
after filtering at the Rx, the loss of transmission gain compared to the
principal eigenmode’s gain is yielded. As a comparison, with F2MAGC,
only one user can preserve his/her principal eigenmode’s gain, whereas
the other K —1 users can only obtain their secondary eigenmodes’ gains,
so that SE of FZMAC is lower than that of ZF reception. Moreover,
system SE of F?MAC with CEM slightly excels that of FPMAC with REM.
This is because CEM can ensure the user with the largest principal
eigenmode’s gain to adjust its transmission into Hy’s principal eigen-
mode, while REM may select the user with small principal eigenmode’s
gain to match Hj’s principal eigenmode which incurs some SE loss
compared to CEM. Given a large 5 (e.g., n > 0 dB), the SE of ZF-
MAC is inferior to that of ZF reception, then F?MAC, and MF yields the
lowest SE. Under a low 7 (e.g., n < 0dB), MF’s SE is close to F’MAC’s
and ZF reception’s, and outperforms ZF-MAC’s and F*MAC’s. This is
analyzed as follows. When 7 is low, noise dominates the system SE,
and hence the reception quality (i.e., SINR or SNR) of each user is
mainly determined by the effective desired signal’s power and strength
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of noise. Although ZF reception and ZF-MAC can mitigate interference,
the SE improvement brought by interference management is close to
(e.g., ZF reception) or even less than (e.g., ZF-MAC) the SE loss incurred
by desired transmission’s power reduction in signal processing. As
n grows larger, interference becomes dominant for system SE. Since
F?MAC, FXMAC, ZF reception and ZF-MAC can realize interference-free
transmission, their SE grows with an increase of . As for MF, although
larger # indicates that the strength of users’ signals perceived by Rx
increases, since MF leaves CCI un-managed, disturbances at Rx become
severer. Therefore, the system SE of MF saturates at a high 5, and is
lower than that of the other IM-based methods. Moreover, it is worth
noting that under Ny = Np = K = 2, FXMAC’s system SE is the
sum of the SEs of p2pMIMO employing the principal and secondary
eigenmodes, respectively; while SE of F’MAC is 2x that of p2pMIMO
adopting the principal eigenmode. These results are in consistent with
our theoretical analysis. As a conclusion, under Ny = Ny = K = 2,
F*MAC with REM and CEM can output the highest SE, ZF ranks the
second, then come F?MAC with CEM and REM, respectively. Moreover,
the proposed methods can outperform MF and ZF-MAC.

Fig. 7 plots the system SE of various methods under N = Ny =
K = 4. One can see that given the same #, system SE of F?MAC,
F?MAC, ZF-MAC and ZF reception outperforms that in Fig. 6. Such an
improvement is made by increasing the numbers of users and antennas
at both Tx- and Rx-sides. Since MF cannot eliminate CCI, its system SE
is not obviously improved over that in Fig. 6. As Fig. 7 shows, FXMAC
outperforms ZF-MAC in system SE, because although both methods can
mitigate CCI, F’MAC determines signals’ precoding vectors based on
the virtual framework without considering the spatial features of other
users’ transmissions, thus achieving no transmission gain loss. On the
other hand, for ZF-MAC, Tx employs precoding based on orthogonal
projection to avoid interference to other users’ transmissions, hence
incurring a severer transmission gain loss as the number of users grows.
Therefore, the system SE of ZF-MAC is inferior to that of F?MAC.
Moreover, under Ny = Np = K = 4, FXMAC’s system SE is the sum of
the SEs of p2pMIMO employing four eigenmodes, while SE of F’MAC is
4x that of p2pMIMO adopting the principal eigenmode. From the above
discussion we can conclude that under N = Ny = K = 4, FPMAC can
output the highest SE, ZF ranks the second, then come F?MAC. The
proposed methods excel MF and ZF-MAC in system SE.

Next, we simulate the power overhead and system SE of the pro-
posed methods. We set p,;, € {0.25,0.5,0.75}. Fig. 8 plots the system SE
of various methods under N, = Ny = K = 4. As the figure shows,
the average system SE of all mechanisms grows with the increase
of n. With F’MAGC, the system SE obtained under REM and CEM is
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identical and superior to that under the other methods. Since F*MAC
can only let one Tx transmit with its principal eigenmode’s gain, while
the others preserve their secondary eigenmodes’ gains which yields
relatively small SE, it outputs the lowest SE. System SE of F?MAC with
CEM slightly excels that of F"MAC with REM. The analysis can be found
in the discussions about Fig. 6. System SE of Hybrid F>43MAC with CEM
decreases as p,;, grows, and approaches F'MAC and F?’MAC with CEM
under p,, = 0.25 and p,, = 0.75, respectively. This is because with the
increase of p,;,, the number of users whose transmission’s correlation
with Hy’s eigenmode can reach p,, decreases, so that fewer users pre-
process their signals with F'MAC and more users with F°MAC, thus
yielding a decrease of system SE. As a conclusion, FPMAC outperforms
F2MAC in system SE. SE of Hybrid F?4*MAC lies between that of F>MAC
and F2MAC. The smaller p,, is, the higher system SE Hybrid F?4*MAGC
yields.

Fig. 9 plots the cumulative distribution function (CDF) of user’s
power overhead with various methods under N, = Ny = K = 4.
As the figure shows, the CDF curves of all methods are discontinuous
at [|plI> = 1. To be specific, as ||p,||*> grows from 1_ to 1, the CDF
curves of F’MAC with CEM/REM and Hybrid F?**MAC with CEM
under different p,;s jump from various non-zero values to larger ones
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at ||p|I*> = 1, the steps are approximately 0.25; as for FP’MAC with
CEM and REM, their CDF values under ||p,||> < | are 0 and jump to
about 0.25 and 0.0625, respectively, at ||p;|/|> = 1. The analysis is as
follows. As for those F?MAC-related methods, a Tx, say Tx,, may load
its transmission in one of its secondary eigenmodes, e.g., eigenmode i,
into Hy’s jth eigenmode. In the case of i # j, we let the Tx (i.e., Tx;)
preserve its jth eigenmode’s gain in the simulation. Since there is
probability that i < j, in such a case the preserved transmission gain
is reduced from ﬁ;:) to Aﬁ(j), then even the correlation between Tx,’s ith
eigenmode and H’s jth eigenmode is less than 1, ||p,||> less than 1
may result, yielding CDF values of the F*MAC-related methods under
IpclI> < 1 being non-zero. As a comparison, since all Txs preserve their
principal eigenmodes’ gains, they need to consume extra power while
loading their transmissions into Hy, so that under F’MAC with CEM
and REM the probability that ||p,||?> > 1 is 1, yielding the CDF values
of these methods under ||p,||*> < 1 being 0. As for the discontinuity
of CDF curves of F°’MAC-related methods and F°MAC with CEM at
llp.l> = 1, since we adopt a Tx’s channel as Hj, the probability that
one Tx’s precoder satisfies ||p,||> = 1 is %, yielding Prob(||p;|I> <
1) = Prob(llpglI> < 1)+ Prob(llpel> = 1) = Prob(llpll* < 1) + %
Note that we set K = 4 in the simulation, thus the variation of
CDF values under F?’MAC-related methods and F°MAC with CEM at
lpil> = 1 is approximately 0.25. As for FP’MAC with REM, since
a Tx’s transmission is randomly adjusted into Hy’s eigenmode, the
probability that the Tx with the maximum principal eigenmode’s gain
(this Tx’s communication channel is adopted as Hy) loads its principal
transmission into H’s principal eigenmode is é Then, under K =4,
we can get the variation of FMAC with REM’s CDF value at ||p,||> = 1
is about 0.0625.

As Fig. 9 plots, the power cost of F?MAC is less than that of
F>MAC. This is because for Tx,, the preserved transmission gain under
F2MAC is A;j) (i > 1), whereas for F°’MAC, the compensated gain is
/15(”. Then, given i > 1, since /15{1) > /15{” holds, F°’MAC’s power cost
is less than F?MAC’s under p;(j > p]l(j where j is the index of Hg’s
eigenmode into which Tx,’s transmission in H,’s ith eigenmode is
adjusted. Moreover, power cost of F’MAC and FPMAC with CEM is less
than that with REM. This is because the latter does not take spatial
correlation between Tx’s and H’s eigenmodes into account. Therefore,
loading user’s transmission into a less correlated Hy’s eigenmode will
incur severe transmission gain loss, hence requiring the Tx to spend
more power for gain compensation. As for Hybrid F?43MAC with CEM,
its power cost reduces with the increase of p,;,. This is because as p,;
grows, an increasing number of Txs will adopt F?MAC instead of FPMAC
for signal processing; and as aforementioned, power cost of F2MAC is
lower than that of F’MAC, so a decrease of power compensation cost
results. We can conclude from Fig. 9 that the power cost of F’MAC is
less than that of FPMAC. With an increase of p,,, the power overhead
of Hybrid F?43MAC reduces and approaches that of F°MAC.

Based on Figs. 8 and 9, we can find that although F’MAC can
output the highest system SE, it consumes more transmit power than
F2MAC. That is, only using one of the proposed methods cannot adapt
to the randomly varying wireless environment and meet the communi-
cation system’s demand. By adopting a proper p,, in applying Hybrid
F23MAC, we can adaptively use FPMAC and F>MAC, hence balancing
system SE and power overhead. Specifically, the larger p,,, the smaller
Tx’s power cost and system SE; and vice versa. In practice, we can
flexibly select p,, according to various communication requirements,
e.g., maximizing system SE, limiting total transmit power consumption,
etc.

6. Conclusion

We have proposed a framed fidelity multi-user transmission MAC
(F2MAC) based on a virtual framework to remedy the deficiencies of
traditional MAC methods which incur users’ transmission performance
loss when managing CCI. By introducing a virtual framed-channel in
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precoding and filter design, F>MAC can separate CQI from CDI in
signal processing, thus avoiding the loss of transmission quality. More-
over, since with F’MAC only one user can preserve his/her principal
eigenmode’s gain while the others can only maintain their secondary
eigenmodes, we have also developed an improved version of F2MAC,
called F°MAC. By adjusting the virtual framework at each Tx, a user’s
transmission can be realized with the principal eigenmode’s gain of
his/her own channel so that the system SE of F?MAC can be improved
further. We also analyze the power overhead of the proposed methods
and present Hybrid F23MAC to balance the system SE and power
consumption. Our simulation results have shown the proposed MAC
methods to significantly improve the SE of multi-user communication
systems.
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