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Abstract

Non-orthogonal multiple access (NOMA) is suggested as a radio access candidate for future wireless mobile
networks. It utilizes the power domain for user multiplexing on the transmitter side and adopts a successive
interference cancellation (SIC) as the baseline receiver scheme, considering the expected mobile device evolution
in the near future. However, recent research focuses more on the performance evaluation of NOMA in context of
assuming the perfect SIC at receiver side. In order to clarify the performance gap between the perfect and the
practical SIC in NOMA schemes, and to examine the possibility of applying NOMA with practical SIC, this paper
investigates the performance of NOMA applying multi-input multi-output (MIMO) technology with zero-forcing
(ZF) and minimum mean square error (MMSE) SIC schemes. We propose an analysis on error effects of the practical SIC
schemes for NOMA and in addition propose an interference-predicted minimum mean square error (IPMMSE) IC by
modifying the MMSE weight factor using interference signals. According to the IPMMSE IC and analysis of IC error effect,
we further suggest the remaining interference-predicted MMSE (RIPMMSE) IC to cancel the remaining interference. The
simulation results show that by considering practical IC schemes, the bit error rate (BER) is degraded compared with
conventional orthogonal multiple access (OMA). This validates that the proposed IC schemes, which can predict the
interference signals, provide better performance compared to NOMA with conventional ZF and MMSE IC schemes.
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1 Introduction

In the fourth-generation (4G) mobile communication sys-
tems, such as Long-Term Evolution (LTE), WiMAX, LTE-
Advanced, and V2V networks [1-3], orthogonal access
based on orthogonal frequency division multiple access
(OFDMA) or single carrier-frequency division multiple
access (SC-FDMA) was adopted. Orthogonal access is a
reasonable choice for achieving good system throughput
with a simplified receiver design. However, due to the
vastly increased need for high-volume services, such as
image transfer, video streaming, and cloud-based services,
a new mobile communications system with further en-
hancement of system throughput is required for the next-
generation (5G) mobile communication systems. In order
to fulfill such requirements, non-orthogonal multiple
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access (NOMA) with a successive interference cancellation
(SIC) receiver in downlink was presented as one of several
promising candidate radio access technologies [4—10]. For
downlink NOMA, non-orthogonality is achieved by intro-
ducing the power domain, either in time/frequency/code
domains, for user multiplexing. User de-multiplexing is
obtained through the allocation of a large power difference
between the users on the transmitter side and the appli-
cation of SIC on the receiver side. In this case, everyone
can use the overall transmission bandwidth to get higher
spectrum efficiency, and better user fairness can be
achieved, compared with conventional orthogonal multiple
access (OMA), by assigning greater power to the users
under poor channel conditions. Furthermore, NOMA is
suitable for the situations of massive connectivity, because
it can support more simultaneous connections.

NOMA is a candidate technology for further perform-
ance enhancements of LTE and LTE-Advanced, and
both the concept and system performance are discussed

© 2016 The Author(s). Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13638-016-0732-z&domain=pdf
http://orcid.org/0000-0002-1535-646X
mailto:jdmcc@chosun.ac.kr
http://creativecommons.org/licenses/by/4.0/

Su et al. EURASIP Journal on Wireless Communications and Networking (2016) 2016:231

and analyzed, considering the perfect SIC on the re-
ceiver side [11-16]. Therefore, in this paper, we exploit
the system performance based on the link-level simula-
tion (LLS) of NOMA with practical SIC schemes (i.e.,
zero-forcing [ZF] and MMSE SIC).

We analyzed the effect of the error that is caused by
the interference cancellation (IC) by considering prac-
tical SIC schemes for NOMA in. Based on the analysis,
we propose a novel interference-predicted minimum
mean square error (IPMMSE) IC scheme for NOMA
downlink, which is based on MMSE criteria from pre-
diction about interference signals. Moreover, based on
the IPMMSE IC and the analysis of the IC error effect,
we propose the remaining interference-predicted MMSE
(RIPMMSE) IC to cancel the remaining interference,
which can further improve the system performance. The
link-level evaluation is provided, and the simulation re-
sults show that by using the proposed IC schemes, the
bit error rate (BER) performance is enhanced, compared
with conventional IC schemes for NOMA.

The rest of the paper is organized as follows. Section 2
introduces the basics of NOMA and describes a NOMA
system model with ZF and MMSE SIC schemes by using
multi-input multi-output (MIMO) technology [17]. In
Section 3, we compare the conventional multiple access
(MA) and NOMA with the practical IC scheme and
analyze the IC error effect for NOMA. Based on IC
error analysis, the proposed IPMMSE IC and RIPMMSE
IC schemes are described in Section 4. Finally, we con-
clude this paper in Section 5.

2 System model

2.1 NOMA basics

The basic NOMA scheme with SIC for a 2-user equipment
(UE) case in the cellular downlink is illustrated in Fig. 1
[1]. The transmit information for UE; (i = 1, 2) at the base
station (BS) is s;, with transmission power p;, so the trans-
mit signal for UE, is

X;i = \/E;S[. (1)

Power

Freq.

i
SIC of UE, = UE; signal )
signal decoding Q decoding /
o/
/

. “_UE; UE,

UE, signal

BS High Low

Received SINR
Fig. 1 Basic NOMA scheme applying SIC in downlink
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The sum of transmit power is restricted to p. So, the
transmit signals are superposed as

X=X+ %3 = /D151 + /P52 (2)
The received signal at UE; is
yi:hix+ni7 (3)

where %; is the complex channel coefficient between UE;
and the BS; #; denotes the receiver’s Gaussian noise, in-
cluding inter-cell interference. The power density of #; is
Ny, In the NOMA downlink, decoding is in the order of
the increasing channel gain normalized by the noise and
inter-cell interference power, |/;|>/Ny,;. For a 2-UE case, as
shown in Fig. 1, we assume that |i1;|*/No,1> |/2|*/Nga, 50
UE, first decodes x, and deletes its component from re-
ceived signal y;. And UE, decodes x, without interference
cancellation, because it has the first decoding order. The
throughput of UE;, R; is

Py | Py |hy|?
Ry =1lo 1+———— |, Ry =lo 1+——|.
! gz( NO.I ? g2 P1|h2|2 +N072

(4)

2.2 NOMA-MIMO with practical SIC schemes

Sets of achievable rates for NOMA have been found by
Cover [18], and the proof for the optimality of the sets
of achievable rates for additive white Gaussian noise
broadcast channels was given by Bergmans [19]. The
capacity region of the uplink fading channel with re-
ceiver channel state information (CSI) was derived by
Gallager [20], where he also showed that CDMA-type
systems are inherently capable of higher rates than sys-
tems such as slow frequency hopping that maintain or-
thogonality between users. In [21], Tse gave a conclusion
that NOMA is strictly better than OMA (except for the
two corner points where only one user is being commu-
nicated to) in terms of sum rate, i.e., for any rate pair
achieved by OMA, there is a power split for which
NOMA can achieve rate pairs that are strictly larger.
However, this conclusion is intended for single antenna
systems and Tse did not give a proof for this conclusion.
Here, one should be noted that the capacity gain of
NOMA over OMA is achieved at the cost of more de-
coding complexity at the receivers for NOMA. The ap-
plication of multiple-input multiple-output (MIMO)
technologies to NOMA is important since the use of
MIMO provides additional degrees of freedom for fur-
ther performance improvement. The transceiver design
for a special case of MIMO-NOMA downlink transmis-
sion, in which each user has a single antenna and the
base station has multiple antennas, has been investigated
in [22] and [23]. In [24], a multiple-antenna base station
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used the NOMA approach to serve two multiple-antenna
users simultaneously, where the problem of throughput
maximization was formulated and two algorithms were
proposed to solve the optimization problem. In many
practical scenarios, it is preferable to serve as many users
as possible in order to reduce user latency and improve
user fairness. Following this rationale, in [25], users were
grouped into small-size clusters, where NOMA was im-
plemented for the users within one cluster and MIMO de-
tection was used to cancel inter-cluster interference.
Different from conventional works, this paper focuses on
the NOMA-MIMO with practical SIC instead of using
perfect SIC assumption in conventional studies.

We assume orthogonal frequency division modulation
(OFDM) signaling, although we consider non-orthogonal
user multiplexing. Figure 2 illustrates the transmission
scenario in the downlink NOMA-MIMO scheme for a 2-
UE case, where UE, is a cell-center user (near user) and
UE, is a cell-edge user (far user). Figure 3 shows the block
diagram of transmitter and receiver for the downlink
NOMA scheme. We assume there are two transmission
antennas at the BS, and each antenna transmits signal to
one UE. The transmit signal x; for UE, is

X = \/Esi ’ (l: 1, 2)7 (5)

where p; is the allocated power, and s; is the transmitted
data for UE;. After transmitting through a 2 x 2 channel
H, as shown in Fig. 2, the 2-UE system is presented as

H
Y:[xl x2]|:Hi

where n; (i=1, 2) is the receiver’s Gaussian noise for
UE,. The received signal y; for UE; is represented as

Hi,

sz} +[m m], (6)

Y; :Hiixi+ZHjixj+ni, (7)

ji

where Hj; denotes the channel between the jth antenna
at the BS and the ith receiver, x; is the transmit signal
for UE;, which is the interference for UE; and #; the
Gaussian noise. After reception, the signals are ranked
in decreasing order by power. Channel estimation (CE)

Cell
= Hiy
0 UE.
antennal\ > Q (nearulser)
-~
PR
- ~ H
= UE
~ o (far user) /
z
antenna, Ha 7

Fig. 2 Transmission scenario for the 2-UE downlink
NOMA-MIMO scheme
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is performed for the interference signal y;; with power p; >
p: (power of the desired signal). Then, SIC is employed
until all interference signals are cancelled. The estimated
received signal §; is obtained for UE; For the 2-UE case,
from Eq. (6), the received signals for UE; and UE, are

y1 = Huxr + Hyxo +my

Yo = Hyipx1 + Hopxy + 13’ (8)

respectively. Since NOMA allows UEs to share the same
resources, and differentiates UE by power, IC is performed
for UE with lower power to cancel the inter-user interfe-
rence. Because UE, is a far user with greater power, the
element H,x, is cancelled by the IC from y;, whereas y,
can be demodulated directly without IC.

In this paper, we consider practical SIC schemes based
on the zero-forcing (ZF) and the MMSE criteria. As de-
scribed in the system model, by assuming power p, >> py,
the UE, can directly detect the signal without cancellation
of interference. For UE;, the received signal y; is

1 = Hui1\/pis1 + Ha\/pys2 + 11, 9)

where interference is Hy;,/p,52. We can get the weight
factor of channel Hyy, i.e., Hy;|ze or Foi|mmses by ZF or
MMSE criteria after getting the estimated channel H;:

N ~H ~ -1 .y N
Honl e = <H21H21) Hon s Holyygse

~H ~ 1. g
= (Ao + 1) HY, (10)
where the sign H in the superscript in the equation rep-
resents the Hermitian transpose and o7, is the variance

of noise, 7;. Then, the estimated interference signal can
be obtained as

52:\/19—2_11:121)/1 =5+ \/19_3711:[21 (Hu\/]0—151 + Vll), (11)

The received signal is updated by subtracting the esti-
mated interference signal:

¥, = y1—Hai/Das2 ~H /D51 + 1.

After the canceling the interference signal with high
power, UE; can detect the desired information, s;, from
the updated received signal.

(12)

3 IC error analysis

3.1 Comparison between conventional MA and NOMA
with practical IC scheme

In this section, we compare the packet error rate (PER)
and throughput performances of conventional MA and
NOMA by LLS. We still use the system model mentioned
above for 2-UE. In conventional MA (without NOMA),
the power for UE; (near user), p, is assigned as 0.8, and
for UE, (far user), p», is 0.2, which follows the water filling
(WF) algorithm. For NOMA, eg., p;=0.2, p,=0.8 [4],
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Fig. 3 Block diagram of transmitter and receiver for the downlink NOMA-MIMO scheme

Until all interference
signals y; are cancelled.

which is power control (PC). We imitate system-level
simulation (SLS) by LLS, where power allocation is used
instead of path loss for cases without and with NOMA
(i.e., WF versus PC). According to the LTE specifications,
simulation parameters are summarized in Table 1. Figure 4
shows the PER performance for cases with NOMA (case_1)
and without NOMA (case_2), where the practical ZF IC is
applied for UE; in case_2. According to the PER, the
throughput C can be calculated by

_ (1_PER) X Mpit/packet
Tpacket(s) '

(13)

Therefore, the throughput performance for case_1 and
case_2 is shown in Fig. 5. In the LLS, the path loss is not
considered, and if we compare the performance between
case_1l (p;=0.2, p,=0.8) and case_2 (p; =0.8, p,=0.2)
under the scenario without NOMA, the performance of
UE; in case_1 is same as UE, in case_2. And the per-
formance of UE, in case_1 is the same as UE; in case_2.
So, it is fair to compare the scenario of case_1 (with
NOMA) and case_2 (without NOMA).

From the simulation results shown in Fig. 4, we deter-
mine that in NOMA, UE, can detect information with

Table 1 Simulation parameters

Parameters Value
Bandwidth 14 MHz
Subcarriers per resource block 12

Symbols per packet [§

Resource blocks 6

Toacket 05 ms

Number of bits per packet (Mbit/packer) 864

Channel AWGN
Modulation QPSK

Power for NOMA (case_1) p1=02,p,=08
Power for without NOMA (case_2) p;=08,p,=02

greater power than interference from UE;. Without
NOMA, UE, cannot detect information owing to the
lower power compared to the interference signal from
UE;. On the other hand, UE; with NOMA can benefit
from IC, even though the power of the interference signal
is much higher than the target signal. Without NOMA,
UE,; has performance similar to UE, with NOMA, owing
to the existing interference from the lower power user. As
the results shown in Fig. 5, NOMA can increase the sum
throughput and improve the fairness between the near
and far users, compared with the situations without
NOMA.

In order to evaluate the performance of NOMA under
simulation, we provide comparisons of the LLS for UE,
under different modulation schemes, with the bound
value for UE; that is obtained from Eq. (4), mentioned
above. Figure 6 shows the simulation curves for UE;
with NOMA under the perfect IC for different modula-
tion and coding schemes. The coding scheme is convo-
lutional code; the channel environment is single-path
Rayleigh fading; and other simulation parameters are the
same as in Table 1. From the comparison, all the simula-
tion curves are lower than the bound and show a higher
data rate with a higher order of modulation schemes.
This verifies the LLS results and the analysis for the fur-
ther research.

4 IC error under AWGN channel
For convenience, we use the same NOMA-MIMO trans-
mission scenario as described in Section 2. At UE; (near
user), IC is applied to cancel the interference from the UE,
signal, as described in Fig. 7. Under the AWGN channel,
the received signal for UE, is
Y1 =% + Xy + np, (14)
and owing to the larger power of x, compared to xi, x,
should be demodulated first. When demodulating x, at
UE, x; becomes the interference component:
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Fig. 4 PER performance with and without NOMA under AWGN channel
J
=x+ (0 +m) =apti , =7 15 i1_AWGN
=%+ @ +m) =x+iaweN, =T ue (15) eawon = AV, (16)
1

where i; awgn is the interference for x, plus noise, and
we assume that the demodulated signal of x, at UE, is
Xgue1 - Then, the noise enhancement ratio when
demodulating x, at UE, is

After that, Xjup; is re-modulated in order to cancel
this signal from y;, and the received signal after IC for
Xy iS

x 10°
35

O UE2wo NOMA

O UE1 w/o NOMA
—s— UE2 NOMA
—&— UE1 NOMA w/ ZF IC
UE1+UE2 NOMA

Throughput (bps)

Fig. 5 Throughput performance with and without NOMA under AWGN channel
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10

Bound for UE1 NOMA

—©6— Simulation for UE1 NOMA w/ 64QAM

—H— Simulation for UE1 NOMA w/ 16QAM

—— Simulation for UE1 NOMA w/ QPSK

—&— Simulation for UE1 NOMA w/ 1/2 coded QPSK

Data Rate (bps/Hz)

Fig. 6 Bound and simulation curves for UE; under NOMA with different modulation schemes

1 =% 17

=x1 + (%2-%2) + 11, (17)

where %, is the re-modulated signal and the component

(w2—%7) is the remaining interference for x; after IC. The
power of the remaining interference for x; is

P P, P
& = T/ — = 5 18
Ploa-in) =P <l1_AWGN 711) EAWGN (18)

ratio of remaining interference

where —£2
11_AWGN

(SINR) and % is the signal-to-noise ratio (SNR) of x,
from perfect IC. Therefore, the bound value for UE,
after practical IC of x, is

is the signal-to-interference-plus-noise ratio

r1_c_AwGN = log, (1 + pzp—l> .

n
CAWGN + 1

Figure 8 shows the loss due to IC error for UE;
NOMA under practical IC compared with perfect IC
(Fig. 6).

4.1 ZF IC error under single-path Rayleigh channel
Different from AWGN channel, various IC schemes can be
used under the Rayleigh channel due to essentiality of chan-
nel equalization (CE). Firstly, we analyze ZF IC under the
single-path Rayleigh channel. Similar to the AWGN case,
the ZF IC is applied to cancel the interference from the UE,
signal, as described in Fig. 9. The received signal for UE, is

y1 = Huxr + Hopxo + 111, (20)

where H;, and H,, are the channel coefficients for x; and
%, respectively. Due to the larger power of x,, x, should be
demodulated first. When demodulating x, at UE;, Hjix;
becomes the interference. After (perfect) ZF CE for x,,

Interference (x,) Cancellation

4 z ~
N=n—-X% X

— Received signal y;

Fig. 7 Block diagram for IC under AWGN channel

X X
2|UE1 52
\_ Demodulate x, Re-modulate xz\UEI 2

- Demodulate x;, —
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Fig. 8 Bound for UE; NOMA with perfect and practical IC under AWGN channel
- -1 -1 o ~
]‘[211 N :H21H11x1 + Xy +H21}’11 W —yl—Hﬂxz (23)

= X +H511(H11x1 + }’11) s

= X + il_ZF (21)

= YV, |UEL

where i; zr is the interference for x, plus noise, we as-
sume the demodulated signal of x, at UE; is Xyug: -
Then, the noise enhancement ratio when demodulating
x5 at UE; is

i1_7p
ez = —— .
m

(22)
After that, Xyug; is re-modulated and then multiplied by
the channel coefficient H,; to cancel this signal from y;.
The received signal after ZF IC for x; is

= Hux + Ho (x2-%2) + 11,

where X, is the re-modulated signal and the component
H1(x2-%7) is the remaining interference for x; after ZF
IC. The power of the remaining interference for x; is

polHo [ /P2|H21\2 _polHn|®

Pxy-3y) = P2 )
(r2-2) i1_7F n ezr

ratio of remaining interference

(24)

2 2
where % is the SINR and ‘% is the SNR of x,

from perfect IC. Therefore, the bound value for UE;
after ZF IC of x, is

Interference (x,) Cancellation

Fig. 9 Block diagram for ZF IC under Rayleigh channel

V4 A ~
n=n—H,x, X
— Received signal y; - Demodulate x; ——
= e
ZF CE for x, x2|UE1 _x2
L—— X — Demodulate x, Re-modulate )~62|UE1 X
f f
-1
HZI HZI
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plHul

2
PaolHa|
€zF + m

r1.1C_7F = 10g2 1+ (25)

Figure 10 shows the bound and simulation curves for
UE; NOMA with perfect and practical ZF IC under the
single-path Rayleigh channel. From the figure, both
bound and simulation curves show the loss due to the
practical IC error, compared with perfect IC.

4.2 MMSE IC error under single-path Rayleigh channel
Similar to ZF IC analysis, we analyze MMSE IC under
the single-path Rayleigh channel. At UE;, the MMSE IC
is applied to cancel the interference from the UE, signal,
as described in Fig. 11. The received signal for UE, is

yp = Huxr + Hyxp + 1y, (26)
where H;; and H,; are the channel coefficients for x;
and x,, respectively. Due to the greater power of x,, x,
should be demodulated first. When demodulating x, at
UE;, H1x, becomes the interference. We assume perfect
channel estimation, so the MMSE weight factor for
channel Hy; is

-1
W MMSE_Hy = (HZHM +03,11> HY, (27)

After (perfect) MMSE CE for x,

Page 8 of 12

WMMSE_Ha Y1 = WMMSE_H, H11%1 4 X2 + WMmMSE_H,, 11
= %3 + Wammse_mp, (Huix1 +11)
= Xy + i1_MMSE
= 5’x2\UE1

(28)

where i; Muse is the interference for x, plus noise, we
assume the demodulated signal of x, at UE; is Xyug;: -
Then, the noise enhancement ratio when demodulating
X2 at UEl is

i1_MMSE

EMMSE = —
ni

(29)

After that, Xjyp; is re-modulated, then multiplied by
the channel coefficient H,; to cancel this signal from y;.
The received signal after MMSE IC for x, is

y1 = y1-Hu%s

N 30
= Hux + Ho (%2-%2) + 1y, (30)

where %, is the re-modulated signal and the compo-
nent Hji(x;—%;) is the remaining interference for x;
after MMSE IC. The power of the remaining interfer-
ence for x; is

PolHa|® /P2|H21 *\ _polHa
i1_MMSE n ’

P(xy-3,) = P2 erMSE

ratio of remaining interference

(31)

Bound for UE1 NOMA w/ perfect IC
e Bound for UE1 NOMA w/ ZF IC

©

9| —©— Simulation for UE1 NOMA w/ 64QAM under perfect IC
—H&— Simulation for UE1 NOMA w/ 16QAM under perfect IC
—4A— Simulation for UE1 NOMA w/ QPSK under perfect IC
—— Simulation for UE1 NOMA w/ 1/2 QPSK under perfect IC
==&-- Simulation for UE1 NOMA w/ 64QAM under ZF IC

7| ==€-- Simulation for UE1 NOMA w/ 16QAM under ZF IC
==p~= Simulation for UE1 NOMA w/ QPSK under ZF IC
-=%-- Simulation for UE1 NOMA w/ 1/2 QPSK under ZF IC

Data Rate (bps/Hz)

Fig. 10 Bound and simulation curves for UE; under NOMA with perfect and practical IC under single-path Rayleigh channel




Su et al. EURASIP Journal on Wireless Communications and Networking (2016) 2016:231

Page 9 of 12

Interference (x,) Cancellation

yl,:y] —H, X,

— Received signal y;

MMSE CE for x, xZ‘UEl
X —— Demodulate x,

W f

MMSE _H,,

Fig. 11 Block diagram for MMSE IC under Rayleigh channel

Re-modulatexz‘w;]

- Demodulate x; —l>

.
Zx
f

H

21

where M is the SINR and 1%121‘2 is the SNR of x,

11_MMSE

from perfect IC. Therefore, the bound value for UE,
after MMSE IC of x, is

191|Hll|2

2
PolHa|
EMMSE Jr nl

71_IC_MMSE = 10g2 1+ (32)

Figure 12 shows the bound and simulation curves for
UE; NOMA with practical ZF and MMSE IC under the
single-path Rayleigh channel. From the simulation re-
sults, both bound and simulation curves show the gain
from MMSE IC compared with ZF IC.

5 Proposed interference-predicted MMSE IC
schemes for NOMA

5.1 Proposed interference-predicted MMSE IC scheme
Based on the analysis of MMSE IC in the previous
section, we propose modifying the MMSE weight

factor by introducing the information on interfer-
ence signals to improve the link-level performance
of NOMA. From Eq. (28), we can determine that
the interference for x, plus noise after MMSE CE
for x, is

i1 mmsE = WMMSE_ay, (H11%1 + 11) (33)

We assume that i; ymmse is the background noise
for demodulating x,, so then, the IPMMSE weight
factor is

-1
WIPMMSE _Hy = (H]2-11H21 + Ui_MMSEI) H (34)

.1_MMSE*

is obtained from the variance of i ~

where o2
1_MMSE

~——4— Bound for UE1 NOMA under MMSE IC
Bound for UE1 NOMA under ZF IC

—A— Simulation for UE1 NOMA w/ QPSK under MMSE IC
—H8&— Simulation for UE1 NOMA w/ 16QAM under MMSE IC
—©— Simulation for UE1 NOMA w/ 64QAM under MMSE IC
-=%-- Simulation for UE1 NOMA w/ 1/2 QPSK under ZF IC
7| ==B-- Simulation for UE1 NOMA w/ QPSK under ZF IC
-~€-- Simulation for UE1 NOMA w/ 16QAM under ZF IC
==&-- Simulation for UE1 NOMA w/ 64QAM under ZF IC

T T
| I
| I
9| —%— Simulation for UE1 NOMA w/ 1/2 QPSK under MMSE IC - + — — —  — — —
| I
| I
+ =
| I
| I
| I

Data Rate (bps/Hz)
[9)]
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Fig. 12 Bound and simulation curves for UE; under NOMA with practical ZF and MMSE IC under single-path Rayleigh channel
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var(iy_wwse) = E (ir_mmseit yivse)
= E((WWASM.I21 (Huxr 4 m))(Wmmse_t,, (H1x1 + ”1))H)
= Wmse_trn H1E (168 ) HY Wi vise 1,
+ Wnnse_rin E (mmd!) Wiknise sy,
= WMMSEJ{ZIHIIU?CI HY WMMSEJ~I21H

2 wH
+ WMMSE_H2 030, W MMSE _t,

(35)

where the notation E represents estimation. After de-
riving Eq. (35), we find that the MMSE weight factor
can be modified by considering interference, which
makes this algorithm practical. Equation (28) can be
replaced by

WipMMSE_H2Y1 = WIPMMSE_Hy H 11%1 + %2 + WipMMSE_H,, 111
= %y + WipmmsE_#,, (H11%1 + m1)
=Xy + U ipmmse

= JVx,|UEL

(36)

Figure 13 shows the BER curves for UE; with conven-
tional OMA and NOMA for different IC schemes under
single-path Rayleigh fading channel. The modulation
and coding scheme used in the simulation is quadrature
phase-shift keying (QPSK) with 1/2 convolutional code.
From the simulation results, we find that OMA has the
best BER performance, because there is no interference
for OMA signaling. As for NOMA, ZF IC gives the
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worst BER, but it has the lowest complexity. And MMSE
IC shows the better BER performance than ZF IC, which
is in accordance with our previous analysis in Section 3.
Finally, the proposed IPMMSE IC gives the best BER
performance among the NOMA IC schemes, because it
considers the effect of the interference signals. When
the target BER is 10>, the IPMMSE IC scheme outper-
forms the ZF IC scheme by around 1 dB and by 0.2 dB
over the MMSE IC scheme.

5.2 Proposed remaining interference-predicted MMSE IC
scheme

Based on the analysis of the IC error effect in the previ-
ous section, after IPMMSE CE, the noise enhancement
ratio when demodulating x, at UE; is

i1_IPMMSE

) (37)

€IPMMSE =

Then, the power of the remaining interference for x; is

b
€IPMMSE

!’2|H21|2 !’2|H21|2 :PZ‘HH‘Z
i1_IPMMSE ny

2
Phi (r-32) MMSE = P2 Ho1] (

ratio of remaining interference

(38)

where 2220 ¢ the SINR and ‘%}”‘2 is the SNR of x5

11 _IPMMSE
from perfect IC. The next step is to demodulate xj,

so we propose the remaining interference-predicted
MMSE (RIPMMSE) IC for x; to cancel the remaining

-

+1HH
(AR

—E— UE1 OMA w/ 1/3 QPSK under MMSE CE
--©-- UE1 NOMA w/ 1/3 QPSK under IPMMSE IC
--EF- UE1 NOMA w/ 1/3 QPSK under MMSE IC
-==—--- UE1 NOMA w/ 1/3 QPSK under ZF IC

BER

Fig. 13 BER for conventional OMA and NOMA with ZF, MMSE, and IPMMSE IC under single-path Rayleigh channel
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interference. The RIPMMSE weight factor for channel
Hll is
(39)

H 27\ "1y H
W RIPMMSE_H,, = (HHHII + Oiy_pynise T 1 1) Hii

where 0, . + 71> is obtained from the variance of the
remaining interference plus noise

var(Hyy (xy-&2) + m) = E [(Hm(xz—fcz) + 1) (Hoy (%2-%2) + nl)ﬂ
= E[(Ha1(xy=52) + m)((#2-%2)" HE, + nll)]
— E[Ha1(v2-42) (5a-2) " HEL | + E )
= HyE {(xz—fcz)(xz—fcg)H} HIL 402

_ H o, 2
= HoPry, (ry-ia) papase 1121 T oy

(40)

After deriving Eq. (40), we find that the MMSE weight
factor can be updated by considering the power of the
remaining interference, which makes this algorithm
practical. Figure 14 shows the BER performances for
UE,; under conventional OMA and NOMA with differ-
ent IC schemes under single-path Rayleigh fading chan-
nel. The modulation and coding scheme used in the
simulation is QPSK with 1/3 convolutional code. The
simulation results show that RIPMMSE IC can further
improve the BER performance compared to IPMMSE IC
for NOMA. When the target BER is 107>, the RIPMMSE
IC scheme can provide a 1.5-dB gain, compared to the
ZF IC scheme, and a 0.5 dB gain over the MMSE IC

Page 11 of 12

scheme. Under the same principle, for 3-UE NOMA, the
MMSE weight factor can be updated for a third time to
further improve the BER performance.

6 Conclusions

In this paper, we exploit the performance of a
NOMA-MIMO system for the perfect and the prac-
tical SIC schemes, which clarifies the necessity for the
investigation into IC schemes for NOMA. Because
many previous works focused on NOMA, some of
the research topics, such as employment of the prac-
tical SIC and the error effect due to IC, are still in
the early stages or not fully developed. In this paper,
we perform the error analysis considering ZF and
MMSE SIC schemes for NOMA; and based on the
analysis, we propose a novel IPMMSE IC scheme by
predicting the MMSE weight factor using information
about interference signals. In addition, based on the
IPMMSE IC scheme and the analysis of the IC error
effect, we propose RIPMMSE IC to further boosts the
system performance. We provide the link-level evalua-
tions for a 2-UE scenario under NOMA-MIMO sys-
tem on the single-path Rayleigh channel, and the
simulation results show that the RIPMMSE IC
scheme outperforms ZF and MMSE IC schemes by
around 1.5 and 0.5 dB, respectively, at a target BER
of 1072, In the future work, a more general case, i..,
larger number of users will be examined with our
proposed schemes.

—OS— UE1 OMA w/ 1/3 QPSK under MMSE CE
--#- UE1 NOMA w/ 1/3 QPSK under RIPMMSE IC
--Q-- UE1 NOMA w/ 1/3 QPSK under IPMMSE IC
--£F- UE1 NOMA w/ 1/3 QPSK under MMSE IC
++=+++ UE1 NOMA w/ 1/3 QPSK under ZF IC

BER

Fig. 14 BER for conventional OMA and NOMA with ZF, MMSE, IPMMSE, and RIPMMSE IC under single-path Rayleigh channel
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