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Abstract—Power-domain asynchronous non-orthogonal multi-
ple access (ANOMA) is a novel radio access technique with
non-orthogonal resource allocation that enables asynchronous
transmissions and has an enhanced spectrum efficiency compared
to orthogonal multiple access. In this work, an iterative receiver
is derived for linearly modulated waveforms. Orthogonal fre-
quency division multiplexing (OFDM), single-carrier (SC) and
orthogonal chirp division multiplexing (OCDM) are investigated.
The receiver is based on triangular successive interference can-
cellation (T-SIC) in combination with a minimum mean square
error parallel interference cancellation (MMSE-PIC) detector. It
is advantageous to utilize a waveform which spreads the data
symbols in the frequency domain as OCDM or SC in order to
exploit the multipath diversity in frequency-selective channels.
However, it is numerically shown that OCDM performs the best
due to its additional time-spreading property, which is desirable
for the time-dependent interference that occurs in an ANOMA
system. Furthermore, for the considered scenario of two users
and four blocks, we show that all the studied waveforms achieve
the best performance in terms of block error rate with the derived
receiver when the blocks overlap halfway.

Index Terms—power-domain asynchronous NOMA, OCDM,
waveform design, triangular SIC, iterative receiver

I. INTRODUCTION

Non-orthogonal multiple access (NOMA) is a highly
promising multiple access technique for the next generation of
cellular communication systems. Compared to previous gen-
erations based on orthogonal multiple access (OMA), NOMA
enables the reuse of the time, frequency, code, and space
resources for multiple users to increase the multiuser data
rate [1]. However, the improvements in the outage probability
and the achievable data rate [2] come at the cost of a high
receiver complexity and its vulnerability to channel estimation
errors [3]. There are two main NOMA schemes: code-domain
and power-domain NOMA. For code-domain NOMA, sparse
or non-orthogonal cross correlation sequences with a low
correlation coefficient are used for the user-specific spreading
sequences [2] whereas the signals of the different users are
superimposed for power-domain NOMA so that a significant
power difference between the signals of the different users is
present at the receiver.

Synchronous NOMA is advantageous due to a lower re-
ceiver complexity. However, it was shown in [4], [5] that
a higher sum rate can be achieved if an intentional time
delay between the received signals of the different users is
utilized. This makes asynchronous non-orthogonal multiple

access (ANOMA) with an intentional time offset attractive for
high-throughput communications. In addition, the complexity
of the transmitter can be reduced due to more relaxed time re-
quirements for the uplink synchronization. At the receiver side,
multiple blocks have to be processed jointly in ANOMA to
cancel the interference of the other users. In order to cancel the
interference pattern for uplink transmissions, triangular succes-
sive interference cancellation (T-SIC) has been proposed in [6]
for power-domain ANOMA which significantly improves the
bit error rate (BER) performance compared to conventional
SIC. Furthermore, in [7] a message-passing signal detection
scheme for equal-power transmissions is derived.

As a result of using a discrete constellation set, the input
signal is not Gaussian distributed, and therefore the utilized
waveform has an effect on the mutual information [8]. To
maximize the mutual information assuming perfect feedback
equalization, the waveform has to spread the data in a way
such that the same channel gain is obtained for all symbols [8].
Considering a frequency-selective channel (FSC), an optimal
waveform spreads the symbols over the whole bandwidth.
In addition, another effect appears for ANOMA, i.e., the
interference is not consistent over the duration of a block due
to the partial overlap of the first and last blocks. To achieve
an equal gain for all symbols in this case, the transmission
matrix needs to spread its symbols over the whole duration of
a block. Therefore, an optimal waveform for ANOMA spreads
the symbols fully in the time and frequency domains like
orthogonal chirp division multiplexing (OCDM) [9], [10]. A
similar concept has been considered in [9], [10], where the
authors have shown for cyclic prefix (CP) free transmissions
that having equal levels of interference for all symbols is more
advantageous than if specific symbols are more affected by the
interference than others.

In the literature, the typical waveform choice for power-
based ANOMA is orthogonal frequency division multiplexing
(OFDM) [4]-[6]. To reduce the high peak-to-average power
ratio (PAPR) of OFDM, a single-carrier (SC) based ANOMA
scheme is proposed in [11] which enables the implementation
of low-cost wireless terminals. In addition, SC exploits the
multipath diversity which occurs in the considered FSC.
However, SC does not spread its symbols in the time domain,
which is sub-optimal when considering the time-localized
interference presented in ANOMA. Thus, in this work, we
propose OCDM for ANOMA to attain an equal gain and equal
interference for all symbols.
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Fig. 1: Uplink ANOMA scenario.

The main contributions of this paper are listed as follows:
1) A generic iterative receiver is derived based on soft-
information T-SIC with a minimum mean square error parallel
interference cancellation (MMSE-PIC) detector for uplink
power-domain ANOMA. This receiver enables the use of any
linear modulation for the first time. 2) OFDM, SC and OCDM
are analyzed for an ANOMA scenario with two users and
four blocks each. The numerical simulations show that OCDM
achieves the lowest block error rate (BLER) when a significant
time offset between the users is present which validates the
advantage of time-frequency spreading waveforms. 3) It is
shown that in the considered uplink scenario, the best BLER
performance is achieved when the blocks overlap halfway.

The remainder of the paper is structured as follows: Section
IT presents the system model. Section III introduces the generic
iterative receiver design for ANOMA. Section IV depicts the
numerical results. The conclusion is given in Section V.

II. SYSTEM MODEL

An uplink ANOMA scenario is visualized in Fig. 1 consid-
ering K = 3 transmitters and one base station. The signals of
the K users are transmitted through the K different channels
hj and are received by the base station with the power Py
and a time offset of N.[k]. In uplink ANOMA systems, the
most important power for the receiver design is the received
power Pj, which is the combination of the transmission power
with the channel gain. The received power ratio is given as
10log(Py/P,,) between the received power caused by the kth
and nth user. The time-domain superimposed received signal
is described as

K
§'In] =Y VPehi[n] * ailn — N-[k] + w'[n], M

k=1
where the transmission sequence of the kth user, the chan-
nel impulse response and the additive white Gaussian noise
(AWGN) are denoted as z)[n], hi[n] and w’'[n], respectively.
N |k] describes the delay of the beginning of the 1% block of
the kth user compared to the block which is received first.
The linear convolution is marked by *. The channel state
information (CSI) is assumed to be available at the receiver.

A. Linear Transmission Model

1) Transmitter: A number of uniformly distributed random
bits by ; € {0,1}" are created for each user k € {1,..., K}
and block ¢ € {1,...,M}. These bits are encoded gen-
erating the sequence c,; € {0,1}"c with the code rate

User k Index of block 7 CP Data
A ——

1 <~ X S
| N | ¥ |

I SO R | |

S B "2 t 4 B ‘;
N;[2] N;[3] n

1St 2nd 3nd 4th triangle

Fig. 2: Received signal in the time domain.

r = N./Ny. Given a quadrature amplitude modulation (QAM)
constellation set S with cardinality |S| = J, the encoded
bits are mapped such that the symbol vector dj; € S™¢
arises and E{d},;d}};} = Iy, applies. Ny = N./log,(J)
denotes the number of symbols. The statistical expectation,
the Hermitian transpose and the identity matrix are defined
as the operators E[-], (-) and the symbol I. The symbol
vector is modulated with the transmission matrix in the
time domain Ay € CNaxNa leading to the transmission
samples x; = Ardy ;. To simplify the equalizer notation,
the modulation can be described in the frequency domain
as X ; = Agrdy,; with the transmission frequency-domain
matrix Agp = F At. The normalized discrete Fourier transform
(DFT) matrix is denoted as F'. Next, a CP is generated and
appended to the transmission samples leading to a block. To
describe the CP efficiently, the CP insertion is integrated into
the matrix A} = [[0Nex Ny—Nep; INee]; [In,]]A1. The coded
data vector with CP can be described as ) ; = Apdy; and
has a length of IV,/. Hereafter, a CP insertion is assumed for
all waveforms. The total transmission sequence of the kth user
is @}, = [w;c,oTa“;?mT’ Ty |

2) Waveforms: The transmission matrices of OFDM and
SC are AQ™PM = FH and A3C = 1, respectively. OFDM
spreads the symbols only in the time domain and SC only
in the frequency domain. For the OCDM waveform, which
spreads in the time and frequency domain, the transmission
matrix can be described as [8] AS“PM = [go, g1,...,9Nn,-1]-
g; equals the chirp for the jth symbol in d as given in [9].

B. Wireless Channel

Due to the multipath of the wireless channel, an
FSC is assumed that has the impulse response hj; =
(M0, hie 1y, hi,L—1]. Here, hy; is a stationary complex
Gaussian process [12, p. 128] that is uncorrelated with respect
to (w.rt.) the users k € {1,2,..., K} and the channel taps
1 €{1,2,...,L}. The discrete wireless channel is character-
ized by the power delay profile (PDP) and is assumed to be
invariant over the whole transmission. The CP is assumed to
be longer that the channel delay spread. Thus, the channel
is modeled as a circular convolution given by the circulant
channel matrix Hy. Let Ay, = FH,FY be a diagonal matrix
whose diagonal elements correspond to the frequency-domain
channel response of the kth user.

C. Received Signal
The normalized received signal can be described as

~norm __ norm

Uri = Hyxp, + spi +wi 2)
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Fig. 3: Iterative receiver.

with the normalized interference si™i™ = sy, ;/ /P The nor-
malization to the received power of ‘the kth user is performed
to obtain a similar range of values for all users within the
receiver. wp%™ ~ CN' (0 0?1) is the AWGN on the ith block
of the kth user with 07 = 0?/P;. The interference of the
blocks {i — 1,4,4 4 1} of all users except the kth user on the
considered ¢th block of the kth user is calculated as

Sk,i = Z \/7

n=1,n#k

nkmnz 1+anmnz+anmnz+l) (3)

The channel matrices H noks I;[n,k and Hn, 1 describe the
influence of the 7 — 1th, ith or ¢+ 1th block, respectively, of the
nth user on the ith block of the kth user. If the interfering user
has a lower index n than the user of interest k as n < k, then
H,, ;, = 0. If the interfering user has a higher index than the
user of interest as n > k, then Hn, r = 0. The mathematical
description of the channel matrices in given in the Appendix.

III. GENERIC ITERATIVE RECEIVER DESIGN FOR ANOMA

The generic iterative receiver is shown in Fig. 3. It contains
the processing blocks and the Memory for storing the a-
priori mean and covariance of previous computations of all
blocks of all users. According to the decoding schedule, the
normalized frequency-domain samples of the ¢th block of
the kth user are extracted from the received signal g’. This
requires four operations. Firstly, the relevant part g},’“ of the
received signal g’ is extracted. Secondly, the CP is removed.
Thirdly, the signal gy, ; is transformed to the frequency domain
using a DFT resulting in f’k,,». Lastly, the signal is normalized
according to the received power Pj leading to f’k‘ﬁrm. In the
following, the decoding schedule, the Interference estimation,
the Interference cancellation and the MMSE-PIC detector are
explained.

1) Decoding Schedule: Due to different receive powers of
the users, the schedule in which the blocks of the users are
decoded is crucial for a good overall system performance. To
properly decode a block, the interfering blocks of the users
with higher received power should be decoded first. This leads,
in combination with the assumption that the delays V.- of the
received blocks are increasing from the user with the strongest
to the lowest received power, to a triangular decoding schedule
as described in [6]. The decoding triangles are visible in Fig. 2.
The number of triangles corresponds to the number of blocks
per user. The triangles are computed one after another starting
from the one with the continuous contour. Within one triangle,
the blocks are decoded starting from the user with the highest
to the user with the lowest received power. If all blocks within
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Fig. 4: MMSE-PIC detector.

one triangle have been computed, the decoding triangle can
be reprocessed with the a-priori knowledge of the users with
lower received power. The blocks within the triangle can be
computed Npsic times.

2) Interference Estimation and Cancellation: The interfer-
ence statistics for the ith block of the kth user are estimated
by the Interference estimation step. The a-priori mean of the
interference p%, = E{sy;} is computed as

Y VPu(H

n=1,n#k

nkArpy,  + HopArpa, 4
+ Hn,kA{I‘ll’z(linvi+1),

a —
Hsy ; =

and the a-priori covariance of the interference as

2o, = E{(sni — ms, ) (80 — ps, )"} )

K ’—a JH o H
= Z Pyl(HTL,kATEdn,i—lAT Hn’k
TR L H, G AVSY  ATHDY,

+HL AR, AT ),

Here, the a-priori covariance matrix of the symbols d,; is
given as X% = E{(dn; — py )(dn: )M} The
a-priori mean’ My . and a—pr10r1 covariance matrlx 23, .
are provided by the A -priori Stat. step that is explamed in
Section III-3b. If no a-priori knowledge is available about
the interfering block, the a-priori mean is assumed to be
zero puy = 0. The cross terms in (5) are zero due to the
uncorrelated symbols of the transmission blocks. Thus, the
covariances of the interfering users can be added. Both the a-
priori mean and covariance of the interference are transformed
to the frequency domain for the use in the equalizer as
“Skl = Fpg,, and X5 = = FX5 , respectively.
Moreover, the estimates are normahzed to the kth transmission
power Py as pg™ = p, /VPy, and ™ = 3% /Py,
respectively. Based on the a-priori mean of the 1nterference
the Interference cancellation is executed as

Ynorm Ynorm u%()}:‘]’\;l (6)

3) MMSE-PIC Detector: The MMSE-PIC detector for
ANOMA is derived based on the synchronous OMA imple-
mentation of [10] and is depicted in Fig. 4. The MMSE-PIC
detector computes the a-priori mean and the covariance of
the symbols of the ith block of the kth user p =~ and

Ei‘ikﬂ, respectively, and calculates the estimated bits lA)k,i from
the normalized interference-cancelled signal in the frequency
domain Yk“"rm and the a-priori interference covariance ma-
trix 3g™. Ngq iterations of the MMSE-PIC are computed.
However, the execution can be stopped if the correct bits are
detected by the cyclic redundancy check (CRC).



a) Equalizer:  Assuming an OMA system, the
component-wise conditionally unbiased (CWCU) linear
minimum mean square error (LMMSE) equalization is
described in [10]. However, for ANOMA the considered ith
block of the kth user should be specified and the interference
S},; should be considered. With the a-priori estimates of the
interference, the a-posteriori mean of the symbol vector can
be computed by the CWCU LMMSE equalizer as

ph, = mh,, + T ARALSST (V™ — Ak App, ), (D)

with the a-posteriori covariance matrix

Egk,i = f;ﬂlvi - Eadk,i’ (8)

The CWCU normalization is performed through the mul-
tiplication of the inverse of the diagonal matrix T' =
diag{I'11,T22,...,T'n, n,} where the matrix I'y; is de-
fined as T'y; = AHAHEI‘O‘mAkAF This operation leads
to unitary diagonal elements of the equalization matrix and
thus, assures CWCU estimates of ) d, ;- After the interference
cancellation, the covariance matrix of the received signal is
estimated as

S = (AcArSh,  AFAT

norm

, t UkI) )

b) Extrinsic LLR, SISO Decoder and A—priori Statistics:
The extrinsic log-likelihood ratio (LLR) Lei is calculated
in the Extrinsic LLR block, the a-priori LLRs of the coded
bits L3 i and the estimated information bits bk ; in the SISO
decoder and the the a- priori mean pg . and the covari-
ance E“k ~in the A-priori Stat. block as "described in [13].
The MMSE-PIC detector calculates in every iteration the
a-priori mean estimate ud and the covariance estimate
35, .- However, the a- pr10r1 estimates that are generated
in the first iteration of the detector are forwarded to the
Memory if the considered block was not decoded correctly
after Ngq iterations. It was shown in [13] that this is reasonable
because the MMSE-PIC detector can converge to incorrect
values which would deteriorate the interference cancellation
performance. If the CRC detects that an interfering block was
decoded successfully, puf = dj; is valid and will be stored.
Subsequently, the whole 1nterference of this block on the other
blocks can be subtracted.

IV. NUMERICAL EVALUATION AND DISCUSSION

The BLER of the derived ANOMA receiver is numerically
analyzed for two users based on the parameters given in Tab.
I and the extended vehicular A (EVA) channel model in [14].
The impact of the delay between the users and their power
ratio 10log(P;/P») are investigated for different waveforms.

A. Impact of the Delay

The delay between the different users is critical in ANOMA.
Therefore, the question arises how the delay impacts the
system performance. A simulation is conducted where the
power ratio is fixed to 5dB and the received SNR of the
1" user to 15dB. The normalized delay 7 = N,/N, is
variable, ranging from 7 = 0 (perfect overlap of block ¢ of
the 1% user with block ¢ of the 2™ user) to 7 = 1 (perfect
overlap of block i + 1 of the 1*! user with block i of the 2"

TABLE I: Simulation settings.

| Parameter | Value
Bandwidth B = 4.32MHz
Channel delay spread L = 12samples
Normalized delay 0<7r<1

Number of users and blocks
Number of samples per block
Length of CP

Modulation and coding
Encoder

Decoder

Iterations T-SIC and equalizer

K = 2users, M = 4blocks

Ny = 128 samples

Ncp = 16 samples

4-QAM with 1/2 code rate

Recursive Systematic Conv. with [1 13/15]g
BCIJR log-MAP

Nrsic = 2 iterations, Ngq = 7 iterations
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Fig. 5: BLER dependent on the normalized delay 7.

user). The BLER is shown in Fig. 5. It can be noticed that
between 0.1 < 7 < 0.9 OCDM performs better than SC for
the 1% user which can be explained by the time spreading
advantage for the time-localized interference in ANOMA. For
the 2" user no significant difference is evident. OFDM has a
worse performance compared to the other waveforms due to
no frequency spreading. An increased delay leads to a smaller
overlap between the 1% blocks of both users, so the BLER for
the 1% block of the 1% user decreases due to less interference.
Through the T-SIC, the interference cancellation (IC) of all
blocks are interconnected. Thus, the improvement of the 1%
block of the 1° user affects all other blocks leading to a lower
BLER overall. For a more detailed explanation about the T-SIC
concept, refer to [6]. The increase of 7 beyond 0.5 however,
decreases the overall performance. In this case, the IC is less
effective for the 1% block of the 2" user, because this block
has a larger overlap with the 2" block of the 1 user rather
than the 1* block. This is unfavorable because the 2" block of
the 1% user has more interference and therefore a less reliable
estimation for the IC. This explains the U-shape with the best
performance at a medium delay between 0.4 < 7 < 0.6.
That 7 = 0.5 is the optimal normalized timing mismatch to
maximize the sum throughput in a two-user ANOMA system
was shown in [4] for an infinite number of symbols in a frame.
In this simulation, only a finite amount of M = 4 blocks
is simulated but it can be seen that the T-SIC propagation
with the normalized delay 7 = 0.5 reaches the best BLER
performance in this scenario. However, the sum throughput
(1 —BLER)/((M + 7)N,/) is dependent on the delay 7. If
this is considered, the delay for the optimal throughput lies
between 0 < 7 < 0.5. However the optimal throughput is
not investigated in this work. Furthermore, in future work, the
T-SIC scheme for a delay 7 > 0.5 can be adjusted to benefit
from the low interference of the last block of the 2" user.
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B. Impact of the Power Ratio

The BLER of the 1% and the 2" user for a fixed delay
in dependence on the power ratio are shown in Fig. 6a and
Fig. 6b, respectively. 7 = 0.5, which has been shown to be
optimal for the considered scenario in Fig. 5. For both users,
the performance differs considerably between SC, OCDM and
OFDM. For the high power ratio of 10dB, OCDM and SC
have a similar BLER but significantly lower than OFDM. This
is due to the frequency spreading of OCDM and SC which is
an advantage compared to OFDM. For the low power ratio of
5dB, OCDM and SC perform alike, however, at high SNR >
15dB OCDM has a lower BLER. This can be explained with
the time-speading property of OCDM which helps to attain an
equal gain for the symbols even at low SNR. An error floor is
visible for SC at the low power ratio of 5dB. The error floor
for SC is analyzed for NOMA in our previous work [13] and
results from convergence effect in the MMSE-PIC detector if
blocks are decoded incorrectly. The simulations show that this
effect is lower for OCDM since there is no visible error floor,
which make OCDM an excellent waveform for ANOMA.

V. CONCLUSION

In this paper, a generic iterative receiver is derived for
ANOMA which enables the use of any linearly modulated
waveform. For this, T-SIC is implemented based on soft-
information and is combined with an MMSE-PIC detector.
Regarding the waveforms, OFDM, SC and OCDM are investi-
gated. It is numerically shown that OCDM outperforms SC and
OFDM for ANOMA. This is due to its time-spreading property
which leads to an equal symbol gain despite of the time-
dependent interference that occurs in ANOMA system com-
bined with its frequency-spreading property which is desirable
for the considered FSC. Furthermore, this work has shown that
for the analyzed scenario the best BLER performance for any
waveform is achieved if the blocks overlap halfway.

APPENDIX

The matrices H noks an and Hn,k can be described with
the help of the extended channel matrix

H:; == [ONdXNI/a H':u ONdXNI/} e CNdXBNI,7 (10)

and the shift matrix L, € N3No>3Nor p/ e CNaxNu
describes the channel matrix considering the CP insertion.
L1 iglis j] = i j— N, [n,k) describes the shift matrix with the
Kronecker delta symbol of the [7,j]-th component J; ;. The
delay N;[n,k] = N.[k] — N;[n] is dependent on the user
k which is interfered by user n. The channel interference
matrices can be computed through the multiplication of the
extended channel matrix with the shift matrix as

(H o, Hy o, Ho i) = Hi Loy p - (11)

The received frequency-domain signal and interference can be
calculated as Yj, ; = F'yi; and Sy ; = F's;,;, respectively.
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