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Abstract

In this work, we thoroughly analyze the rate-region provided by the asynchronous transmission in
multiple access channels (MACs). We derive the corresponding capacity-regions, applicable to a wide
range of pulse shaping methods. We analytically prove that asynchronous transmission enlarges the
capacity-region of MACs. Although successive interference cancellation (SIC) can achieve the optimal
sum-rate for the conventional uplink non-orthogonal multiple access (NOMA) methods, it is unable to
achieve the boundary of the capacity-region for the asynchronous transmission. We demonstrate that
for the asynchronous transmission, the optimal SIC decoding order to achieve the maximum sum-rate
is based on the users’ channel strengths. This optimal ordering is in contrast to the conventional uplink
NOMA, where various decoding orders can result in the maximum sum-rate. Furthermore, we provide
practical transceiver designs to approach the capacity-region. The memory induced by asynchronous
transmission enables the use of the trellis-based detection methods which improves the performance. In
addition, we propose a transceiver design, based on channel diagonalization to exploit the frequency-
selectivity introduced by timing offsets. The proposed transceiver design, joint with the turbo principle,

enables us to achieve a rate pair that is not achievable by the synchronous transmission.

I. INTRODUCTION

With the increase of mobile users and the higher data demand, the use of non-orthogonal
methods in wireless networks is inevitable. Notably, in the uplink, where multiple users attempt
to connect to the base station (BS), orthogonal multiple access (OMA) incurs inefficiency in

resource utilization and requires more overhead signals. The capacity-region of the multiple
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access channel (MAC) is derived and expressed in [1], [2] and is historically called the Cover-
Wyner pentagon. While the performance analysis of the MAC and multiuser detection schemes
is not new [3], recently, it has resurfaced under the category of uplink non-orthogonal-multiple-
access (NOMA). For example, in the power-domain NOMA, the signals from multiple users are
superposed with different power levels exploiting the difference in channel coefficients and a
multiuser detection method, such as successive interference cancellation (SIC), is employed at
the receiver [4]. The advantages of the NOMA over the OMA have been extensively studied
in [5] and the references therein including higher system throughput compared with OMA and
supporting massive connectivity.

In most of the work in the literature, perfect synchronization in time and frequency is a
common presumption. Indeed, the asynchrony is mostly considered an impairment [6], [7],
where different synchronization methods are applied to eliminate it [8]. However, by using an
appropriate transceiver design, asynchrony can indeed be beneficial. Asynchronous transmission
refers to the case where the symbol epochs of the signals transmitted by the users are not
aligned at the receiver. The results in [9] show that time asynchrony can increase the MAC’s
capacity-region in a code division multiple access (CDMA) system model where each user uses
rectangular code sequences. By intentionally introducing symbol asynchrony in the transmitted
signal, a higher diversity gain can be achieved by zero-forcing detection in spatial multiplexing
[10]-[12]. The benefits of asynchrony in CDMA systems with random spreading are analyzed in
[13], and it is shown that asynchronous transmission can indeed enhance the spectral efficiency.
Besides, asynchronous NOMA (ANOMA) achieves a better throughput performance compared to
the conventional (synchronous) NOMA [14]-[17]. Orthogonal differential decoding is improved
by utilizing the oversampling technique [18], [19] to achieve the sampling diversity gain.
An asynchronous network coding transmission strategy for multiuser cooperative networks is
investigated in [20]. In [21], an interference cancellation (IC) technique, exploiting a triangular
pattern, is proposed for asynchronous NOMA systems. In [22], a message passing (MP) detection
method is proposed for symbol-asynchronous uplink NOMA systems.

The results of [9] are applicable to the pulse shapes whose duration is bounded by the symbol
interval which limits its applicability to next-generation wireless networks. Due to the importance
of bandwidth-efficient pulse shaping in modern communication, we generalize the results of [9]
to band-limited pulse shapes such as raised cosine (r.c.). To derive the capacity region, the

concept of asymptotic similarity of Toeplitz and Circular matrices [23], [24] is employed, which



links the capacity region to the Fourier transform of the used pulse shapes. The introduced
relation provides insightful results including the effect of pulse shaping on the performance
of ANOMA and optimal timing delays. In addition, we prove that while SIC is optimal for
synchronous transmission in a capacity-achieving sense, it provides a sub-optimal rate-region
for the asynchronous transmission. We analytically show the optimal decoding order of SIC
detection for the asynchronous transmission. Moreover, to bridge the gap between theoretical
capacity analysis and practical design of communication systems, we provide a transceiver design
to approach the capacity-region boundaries. The major contributions of this work are summarized

as follows:

o The MAC capacity-region analysis is generalized to a wide range of pulse shapes including
the well-known and practically common r.c. pulse shape. In addition, the effect of users’
channel coefficients on the capacity-region is analyzed.

o The advantage of asynchronous transmission in enlarging the capacity-region is analytically
proven. It is proved that the time delay of half symbol interval provides the largest capacity
region for r.c. pulse shape.

o The performance of the well-known SIC method is thoroughly analyzed and compared for
the scenarios of synchronous and asynchronous transmissions.

e Due to the memory imposed by asynchronous transmission, the receiver is enabled to
use trellis-based detection methods which significantly improve the performance. ANOMA
methods are applicable even if the difference in the channel quality is not significant which
is required for the power-domain NOMA.

« To further improve the performance and reduce computational complexity, a new transceiver
design is proposed, exploiting the introduced frequency-selectivity by asynchronous trans-
mission. The new design in conjunction with the turbo principle provides a performance
close to the capacity boundaries, not achievable by conventional synchronous transmission.

The rest of the manuscript is organised as follows: In Section II, the general system model,

characteristics, and input-output relation are outlined. In Section III, the capacity-region is derived
for a general type of pulse shape. In Section IV, the transceiver design is discussed and various
receiver designs are proposed and analyzed, including SIC, trellis-based receivers, and turbo
receivers. In Section V, numerical results are provided to analyze the performance of the proposed

transceiver designs and finally, the conclusion is presented in Section VI.
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Fig. 1: Demonstration of sufficient statistics for synchronous and asynchronous transmission.

II. SYSTEM MODEL

For a system with K single-antenna users and one common receiver, assuming frame
synchronisation and a flat fading channel model, we can write the received signal as
K N
)= h Y selnlp(t — nT — 7.T) + v(t). (1)
k=1  n=1
User k transmits a codeword (s[1],- -, si[N]) € S§', where Sy, represents the input domain, p(t)
is the normalized pulse shaping function, i.e., [ [p(t)[*dt = 1, with the support of T}, T’ denotes
the symbol interval and v(t) is the white Gaussian noise with variance of 2. The 7 € [0,1)
accounts for the timing offset of User k, and 5y, represents the kth user’s channel coefficient and
are known to the receiver. For capacity analysis, the symbols are assumed to be chosen from
Gaussian processes whose optimal power spectral density (PSD) should be found. However, for
practical transceiver design, well-known constellations, e.g., BPSK, and proper coding schemes
are assumed. In addition, it is assumed that the pulse shape occupies a frequency bandwidth of
B. For example, for a r.c. or root raised cosine (r.r.c) pulse shape with roll-off factor of 3, the

HB , where T’ 1s assumed to be normalized to 1.

occupied bandwidth is B =

If the transmitted signals are not aligned at the receiver, then the channel is symbol
asynchronous as shown in Fig. 1. To get the sufficient statistics, a matched filter with the
impulse response p(t) is applied to the received signal and its output is sampled at time instants
r=nT+nT,n=12,---,N,k=1,---, K which results in the output samples y[n]. One
can arrange the output samples in a vector and define yi, = (yi[1],-- ,yx[N])". Each set of
samples, Yy, is matched to the corresponding time delay, i.e., 7. For synchronous transmission,

sufficient statistics include one set of samples while for asynchronous transmission, it includes

K set of samples as shown in Fig. 1. For each set of samples we can have the input-output



relationship of y, = Zz[; hi Ry 81+ V. Matrix Ry; is an N x N Toeplitz matrix whose elements

depend on the pulse shape, the corresponding time delay and are calculated by:
[Rkl]n,m :g(Tle+(m_n)T) égﬂcl(m_n)? m,n = 17 7N7 (2)

where 1, = 7,—7 and g(t) = p(t)*p(t), where the operation * represents convolution. The vector
vy, represents the noise vector whose co-variance matrix is defined as Qg = E[VleH | = o’ Ry,.
For any square-root Nyquist pulse, e.g., r.r.c., Ry, = In and Rzl = Ry;. Also note that for

the synchronous transmission, i.e., 7, = 0 Vk, Ry, = In. We can put all the received samples

together and define y = (y1T, e 7?JKT)T to get the system model in a matrix form as:
Ry, -+ Rk hiipn - On S1 141
Y= : : : : |+ ¢ | =RHs+v, @3
Ry -+ Rkk On -+ hxIn SK Vi

where R is an NK x NK matrix constructed by Toeplitz blocks of Ry.

III. CAPACITY-REGION ANALYSIS

To analyze the capacity-region of the resulting asynchronous system, we assume a two-user
scenario. Let us define s; and s, as Gaussian processes with PSD of {S;(f), S2(f), f € [0,1]}
for Users 1 and 2, respectively. Then, the capacity-region of a two-user MAC with memory is

[25]:

0< Ry <limy o %I( ; S1/82)
C= U (R1, R2), 0 < Ry <limy ., +1(y;s2s1) ) )
Sk(f)=>0, fe[0,1] .
k=

)

where R and P represent the achievable rate and the available power of User k, respectively,
and y represents the 2NV received samples obtained as explained in Eq. (3). In the next theorem,
the capacity-region is derived.

Theorem 1: The capacity-region of a two-user asynchronous MAC is:

0< Ry < 1y logy (1+ 248 df

C: U (Rl,Rz), OSRQS%IOIIOgQ (14—%5)) df y
Sk (f)=0, k=1,2 11 Su(f) | Sa(f) | S1(£)S2(f)(1-G2(f))
fil Sk(f)dePk OS R1+R2 S 5[0 IOg (1+ z’f —+ i_g + 1 20%03 )df

(&)



where o7 = | o 2|2 , 05 = ﬁ and G,(f) depends on the pulse shape and the timing offset and is
defined as
I & o f+i
. 7w (f+i) 5
) =7 27 9(T>7 (©)
where g(f) is the Fourier transform of the matched filter pulse g(t).
Proof: The proof is presented in Appendix A. [ ]

Note that with no timing offset, i.e., 7 = 0, G, (f) becomes the conventional folded spectrum
which is constant and is equal to 1 for Normalized Nyquist pulse shapes. Then, the capacity-

region of the MAC turns into the conventional Cover-Wyner region:
0< R < %log2 (1—1—%)
Copnen = { (R1, Ra),  0< Ry < Llog, (1 + ;) . %
0<Ri+Ry < blog (145 +5)
Proposition 1: The asynchronous transmission enlarges the capacity-region of a two-user MAC
compared with the synchronous transmission.

Proof: To prove the proposition, it is enough to prove that for the asynchronous transmission,
the function G (f) is less than or equal to that of the synchronous transmission. Since g(f) is a

non-negative real-valued function (due to the matched filtering process at the receiver), we have:

[e.o]

1 & A 1 ’ 4 .

Gasynch(f) = T izzoo e—I2nT(f+1i) § (f;‘ 2) < T l_z:oo |6—j27r7'(f+l) q (f;: Z) ’ )
:_ Z (f—i_l) —Gsynch<f)7 vf

|

Example 1: In this example, practically common pulse shape of r.r.c is considered. After

matched filtering, the effective pulse shape is the raised cosine whose frequency spectrum is
r | < 57
§(f) =3 % [1+cos (ZF(1f1 = 52))| 57 < If] < 5. The phase-shifted folded spectrum,

0 0.w.
G,(f) = |32 e U+)g (L) is periodic with the period of 1 and can be derived as:
1 0< f< i
G (f) = § e TA(f) + e U= DA(fF —1)| B2 <f<HE, )
1 Bl ofp<t
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Fig. 2: Demonstration of G, (f) for r.r.c. pulse with 8 = 0,0.5, 1.

where A(f) = 1 [1 + cos <% (% — %))} Examples of G.(f) is shown with various
parameters in Fig. 2.

Proposition 2: The timing offset 7 = 0.5 provides the largest capacity region for the r.r.c.
pulse shape.

Proof: To show the optimilaty of 7 = 0.5, we show that for every frequency f; in range
(52, 48, G, (fo) is minimized by 7 = 0.5. Since A(fy) and A(fo— 1) are real positive values,
G (fo) can be interpreted as the magnitude of sum of two vectors, namely, e=/2"7/0 A(f;) and
e92m(fo=D A(f, — 1) in a 2-dimensional space. Consequently, the magnitude of the sum vector
is minimized if the individual vectors are aligned in opposite directions. The phase difference
between two individual vectors is 277 which will be equal to 7 by setting 7 = 0.5. Thus, 7 = 0.5
minimizes G (fy) for every fy, and provides the largest capacity region. The proof is illustrated
in Fig. 3 [ ]

In simpler words, 7 = 0.5 causes the shifted spectrums to add up with opposite phase offsets
and results in reduced G.(f). In addition, as observed in Fig. 2, a higher roll-off factor further
reduces G-(f). The underlying reason is that the increased out-of-Nyquist-band (ONB) spectrum

of the r.r.c. causes more destructive addition in the phase-shifted folded spectrum. With no ONB
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Fig. 3: Phase-shifted folded spectrum description: proof of optimality 7 = 0.5.

spectrum, i.e., 5 = 0, we have G,(f) = 1, f € [0,1],V¥r, and thus, the capacity-region is the
conventional Wyner-Cover pentagon for any choice of time delay. In summary, asynchronous
transmission exploits the ONB spectrum and is ineffective for the pulse shapes that do not have
an ONB spectrum such as the Sinc pulse shape.

The next step to specify the capacity-region is to find the optimal power allocations. It is
worth describing the achievable rate-region using constant PSDs first. Assuming a constant

power allocation for each user, i.e., Si(f) = P4, the achievable rate-region is:

IN

0< Ry < Ylog, (1+ )
1
C =< (Ry, Ry), 0< Ry %logQ(l—&—%) : (10)
0< Ri+ Ry < fylog (14 5 + 5 4 DU gf

T103

IN

Using Proposition 1, it is obvious that the asynchronous rate-region with constant PSDs is larger
than the capacity-region of the synchronous transmission. However, optimizing the input PSDs
provides further improvement in achievable rates and results in the asynchronous capacity-region.
Following the steps in [9], the optimization problem to find the optimal PSDs can be formulated
as:

argmax max Ry + (1 — a) Ry (11)
81(/),8>(f) F-H2

1
st. R,eCin (5), / Sk(f)df =B, Sk<f) >0
0
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Fig. 4: Capacity-region of the asynchronous MAC with P, = P, = 20 dB and r.r.c. pulse shape.

for every 0 < o < 1. The inner maximization which describes the Pareto points of the region

can be simplified as:

argmax max { «F (51(f),0) + (1 — «)[F(S:1(f), S2(f)) — F(Si(f),0)],
S1(£),82(f)

alF(S1(f),S2(f)) — F(0,5:(f)] + (1 —a)F(0,5:(f)) } (12)

~ argmax 4 26T DESD0 + Q- a)F(Si(£).5(f) 1/2<a<]

, 13
S1(£),S2(f) (1 — 20&)F(Sl(f),0) + ocF(Sl(f),SQ(f)) 0 S « S 1/2 ( )

where F'(S1(f),S2(f)) = %fol log (1 + S;(%f) + Sff(gf) + Sl(f)SQ(ff)frl%_Gg(f))> df . After solving the
nonlinear optimization problem for various values of «, the resulting capacity-regions for 5 = 0.5
and $ = 1 are shown in Fig. 4. It is shown that the asynchronous transmission improves the
capacity-region compared with the synchronous transmission. In addition, 7 = 0.5 provides the
largest capacity region. Although constant PSDs are optimal for synchronous transmission, those
cannot achieve the capacity for asynchronous transmission. However, even with constant PSDs,
the asynchronous transmission provides a significant improvement in achievable rates compared
with the synchronous transmission. Fig. 4 shows that power allocation is more effective for the
r.r.c. pulse shape with § = 0.5. In addition, simulation results that are not included here confirm
that as the transmit power increases, the provided gain by power optimization reduces.

Note that by increasing the roll-off factor, (3, the gain provided by asynchronous transmission is

increased. For example, using r.r.c. with # = 0.5 and 8 = 1, asynchronous transmission provides
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Fig. 5: Capacity-region analysis of asynchronous MAC with P, = P, = 10 dB and r.r.c. pulse
shape.

up to 25% (Rsym : 2.3 — 2.87 [bits/s/Hz]) and 41% (Rsum : 1.73 — 2.44 [bits/s/Hz])
improvements in sum-rate, respectively, compared with the synchronous transmission. The further
improvement provided with the roll-off factor of 5 = 1 is supported by the fact that § = 1 results
in more reduction in the G, (f) function, shown in Fig. 2. Worth mentioning that using pulse
shapes with a greater roll-of factor is not spectrally efficient since the frequency spectrum is
not fully utilized. However, asynchronous transmission can restore the spectral efficiency loss
partially.

In the capacity-region, four points are of great importance, denoted as A, A, B, B’ in Fig. 5.
Points A and A’ are obtained by maximizing the sum-rate upper-bound over one user’s PSD
while the other user’s PSD is assumed to be constant. By formulating the optimization problem,

considering the KKT conditions and some simplifications, we have:

+
24 p
Si(f) = |A— e k=12, (14)
T+ 21— G()))

where k = {1,2} — k and []* = max{0, }. Eq. (14) shows that the optimal PSDs for points A
and A’ are not constants and depend on G, (f). In addition, the ratio of channel strengths, i.e.,
Z—%, plays an important role in specifying optimal PSDs. Particularly, when one of the users has
a much stronger channel strength, the dependence of the stronger user’s PSD on G.(f) reduces

and the optimal PSD approaches a constant PSD. On the other hand, the weaker user’s PSD
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greatly depends on G, (f) and the optimal PSD asymptotically assigns no power to frequencies
for which G,(f) = 1. These observations are illustrated in Fig. 6b, where the optimized PSD
for the stronger user (row A) is almost constant with insignificant variations while the weaker
user (row A’) selectively assigns its available power based on G (f). This fact is the underlying
reason for the proximity of point A to the constant PSD corner (dashed line) and the large gap
between A’ and the constant PSD corner in Fig. 5b.

Points B and B’ are obtained by maximizing the sum-rate upper-bound over both users’ PSDs.

Similarly, the optimized PSDs can be obtained as:
+

k=12 (15)

0,%+Sz(f)
%+ D0 -

Tk Ok

St = [A-

Again, if the difference between channel strengths is large, then, the stronger user’s optimal
PSD approaches a constant, as shown in Fig. 6b (row B, B’). Therefore, with asynchronous
transmission and assuming a near-far scenario, the power optimization is more critical for the
weaker user as the stronger user’s optimal PSD is close to a constant PSD.

For a synchronous scenario, the pentagon’s corner points can be achieved by the SIC method,
and the rest of Pareto points on the connecting line are achieved by time-sharing. This optimality
is the reason that SIC is widely used in the uplink NOMA literature. Due to the importance of

the SIC method, its achievable rates are analyzed in the next subsection.



A. SIC’s Achievable Rate-Region

Using SIC and assuming the decoding order of {k, j}, the information symbols of User k are
decoded while User j’s signal is considered as noise. After removal of the decoded symbols,
the symbols belonged to User j are decoded without interference assuming error-free decoding
at the first stage [26]. For the asynchronous system model in Eq. (3), let us rewrite the received
samples as yi[m] = hypsp[m] + hid oo gr(n)sg[m + n] + v[m], k = 1,2. Note that due to
the time delay, the inter-user interference (IUI) is caused by multiple interfering symbols rather
than the one in the synchronous case. Assuming Gaussian signaling with error-free decoding

and defining 1, = > >° _ g¢2(n), the achievable rate pairs for the ANOMA scheme using SIC

are:

1 P1|h1’2 1 P2|h2’2
Ry =-1 1 Ry = -1 1 16
1T g0 ( i n-Paolhol2 +02) "% 2 82\ 2 ’ (16)

if the decoding order is {1,2} and

1 P2|h2|2 1 P1|hl’2
Ry =-1 1 R ==1 1 17
2 92 08, ( + 777_131|h1|2 + 0_2 s 411 2 0g9 + 0_2 ’ ( )

if the decoding order is {2,1}. Equivalently, 7, can be calculated by 7, = fol GA(f)df < 1,
where equality is achieved by 7 = 0 [27]. The achievable rate pairs for the NOMA scheme using
SIC are similarly obtained by inserting 79 = 1. Therefore, for every set of power and channel
coefficients, the asynchronous transmission enjoys less inter-user interference compared to the
synchronous case. Particularly, for the r.r.c. pulse shape 1, =1 — /4 + /4 cos(27T), which is
minimized at 7 = 0.5 [27]. The rate pairs for the NOMA scheme using SIC coincide with the

corner points of the pentagon capacity-region and the sum-rate is calculated as:

1 P;|h;|? 1 Py hy|? .
| 14 — It | 1 =1{(1,2),(2,1 1
Roum = 5 ogQ( +Pk‘hk|2+02) +3 ogg( +— (k,7) ={(1,2),(2,1)} (18)

Py|hy|? n P2|h2]2>

1
:ilog2 <1+ 2 5

19)

o
which is equal to the maximum sum-rate in capacity-region (7). Hence, assuming error-free
decoding, as done in capacity calculations, both decoding orders can provide the maximum
sum-rate in uplink NOMA. However, for ANOMA, decoding the stronger user first results in a
2 and P,, P, 0% > 0, results in
%log2 (1 + %)4—%10& (1 + %) > %103;2 (1 + %)—i—%bgﬁ (1 + %}?‘2)

In addition, it can be easily concluded that the SIC rate-region achieved by the asynchronous

strictly larger sum-rate. In more details, assuming |h|? > |ho




transmission is larger than the capacity-region of the synchronous transmission. Nevertheless,
the SIC method is not capacity-achieving for ANOMA.

Proposition 3: Unlike NOMA, in which SIC is capacity-achieving, the SIC method cannot
achieve the boundaries of the capacity region for ANOMA.

Proof: The optimallity of the SIC method for the NOMA scheme was expressed previously.
RSIC _

sum

For ANOMA, the maximum sum-rate achieved by SIC, assuming |hi|*> > |ho|?, is

%log2 <1 + %) i 5 l0g, (1 + PM?' ) The sum-rate boundary of the rate-region with

constant PSDs is denoted by Reonst. — 1 fo lOg (1 + P1|f;1\ + P2\h2|2 I P1P2|h1‘2|h2ll (1—-G2(f ) df

sum o

To prove the proposition, it is enough to show that R3¢ < RC""“ :

i ) b () m
@ 1log2 ( P1|h1|2 ) +11 085 (1 + P2|h2|2> 2D
2 Jy G- (f)df Pa|ho)? + 0 2 o
(%) %/ol o8 <1 " GT(JC)]13312||CL112||22 + 02> v 11 <1 " PZLhQP) 22
Y NG T
= R &4

where (a) is obtained by substituting 7, = fol G (f)df, (b) is the result of applying the Jenson’s
inequality to the convex function log,(1 + 1), and finally, (c) can be achieved by simple
calculations assuming G,(f) < 1,Vf. The equalities in (b) and (c) are achieved by having
a constant G, (f) = 1. u

Fig. 7 depicts the rate-regions for ANOMA with the optimized PSD (i.e., capacity-regions),
the constant PSD, and the SIC method as well as the NOMA capacity-region with P, = P, =
10 dB,0? = 1,02 = 5, using the r.r.c. pulse shape having 3 = 0.5. The figure verifies the results

in this subsection.

IV. TRANSCEIVER DESIGN

The capacity-region derived in the previous section is obtained by using the well-known
Gaussian random coding. Although Gaussian random coding shows that a specific rate is
achievable, its practical implementation is cumbersome. Therefore, in practical applications,

proper transceiver design and using intelligent coding with manageable complexity are of
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Fig. 7: Different rate-regions for P, = P, = 10 dB, 0} = 1,03 = 5, using r.r.c. with 3 = 0.5.

great importance. In this section, we focus on the transceiver design. We show that even with
practical considerations such as limited frame length and non-Gaussian symbols, asynchronous
transmission can provide significant performance gain. Note that some of the explained concepts
are well-studied in the literature in various contexts. Nevertheless, the details are presented here
for completeness. The highlight of this section includes (1) Introducing a Toeplitz system model
for the asynchronous transmission which resembles the Ungerboeck model for ISI channels.
Then, applying the trellis-based detection methods to the introduced system model which avoids
the complex process of noise whitening. (2) Proposing a transceiver design for asynchronous
transmission based on the concept of channel diagonalization. The proposed method outperforms
the NOMA method with comparable complexity. (3) Using the proposed transceiver design joint
with turbo principle to show that ANOMA can achieve an operational rate pair that is outside
of the capacity region of conventional NOMA.

Let us consider the general transmitter structure in Fig. 8. The information bits of User £,
denoted as ar = (ag[l],--- ,ax|U]), are first encoded by an error correcting code to generate
b = (bp[1],--- ,b[V]), where r = T is the encoding rate. After interleaving the coded bits,

they are mapped to a predefined constellation resulting in symbols s, = (si[1],-- -, sx[N]),

where N = % and M is the size of the constellation. This scheme is called Bit Interleaved

2 M
Coded Modulation (BICM) in the literature and is used in many applications and communication
standards [28], [29]. Then, the symbols are pulse shaped with the pulse p(¢) and transmitted

through the channel which deteriorates the signal with channel coefficient of h; and imposes
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the time delay of 7. The received signal is matched filter and sampled properly to generate
the discrete samples yx[n] at the receiver. The obtained samples, then, go through the detection
module to find the estimate of the transmitted information bits as shown in Fig. 9a. The MAP

decoder computes estimates of the information bits, a, minimizing bit error rate (BER).

ar[n] = argmax P(ax[n] = aly) = arg max Z P(yla)P(a). (25)
acFo a€Fo
a€FY:a;[n]=a

Unfortunately, the BER-optimal decoder in Eq. (25) has a computational complexity that is of
order O (2U), which becomes intractable as U increases. A conventional approach to reduce the
computational burden of the receiver is to split the detection problem into two sub-problems
of interference cancellation (IC) and decoding as shown in Fig. 9b. IC refers to canceling the
interference caused by the user’s own symbols, i.e., inter-symbol interference (ISI), or caused
by another interfering user, i.e., IUL. Next, more details on IC methods and their comparison for

NOMA and ANOMA are discussed.

A. Successive Interference Cancellation: SIC

One possible solution to remove IUI is SIC which is commonly used in the uplink NOMA
systems. As explained in the previous section, in SIC, the detected symbols of each user are
reconstructed and subtracted from the received samples. Assuming the IC order of {1,2,--- | K}

and error-free decoding, the effective SINR of the kth user can be calculated as:
hi|?P,
5zynch _ = | k| Qk -, (26)
Zj:k—l—l |hj|2P; + o




where the first term in the denominator is the interference power caused by undecoded users with
higher IC orders. Unlike NOMA where only one interfering symbol degrades the performance,
using ANOMA, due to timing offset, multiple adjacent symbols cause the interference as well.
Assuming the IC order of {1,2,--- , K} and error-free decoding, the effective SINR of the kth

user with ANOMA is:
(5asynch _ ‘h‘k’QPk (27)
k - )
S st Ty |02 + 02
u 2

where 1, =3, = (n) indicates the accumulative interference factor caused by interfering

symbols of User j. The factor v is the normalized truncation length, i.e. u = Lg—;J Because
1, < 1 for 7 # 0, the asynchronous transmission increases the effective SINR and can improve

the performance as verified by simulation results.

B. Trellis-Based Algorithms

Because of the memory and Toeplitz structure imposed by asynchronous transmission, trellis-
based equalization methods are applicable to ANOMA. In more details, if we re-order the
samples and define y[m] = (yi[m], - ,yx[m])? and s[m] = (si[m],--- , sx[m])?, the input-

output relationship of the system can be presented in a matrix form as:

y[1] Ry RL, -~ Ry HO - 0 s[1] v[1]
2] R, Ry - R o o\ [ s v[2]
y[N] Ry_, Ry, -~ R, 0 0 - #/ \sn VN
where H = diag(hi,--- ,hk) and R, is the K x K constructing sub-block whose elements are
defined as:
Ri(l, k) = g(iT + (1 — 7)T). (29)

Matrix R’ is a block-Toeplitz matrix whose sub-blocks are not necessarily Toeplitz. Examples of
matrix R’ for rectangular pulse shapes with K = 2, N = 3, are shown below (1, = 0,75 = 0.2

on the left and 71 = 0, 5 = 0.5 on the right):

08 1102 0|0 05 0 1] 0

R’ . R

(30)

o o | o O
(an)
ot
—

o o | o O

0 108 1 |0.2 0 1|05 1 |05

o o | o o



Note that if the time delays are equi-spaced, ie., 7, = (k —1)%, k = 1,--- , K, then the
matrix R’ will turn into a Toeplitz matrix. The resulting Toeplitz structure caused by equi-
spaced timing offsets enables the use of trellis-based algorithms such as the Viterbi and BCJR

algorithms. Equivalently, the Toeplitz system model is:

n=u'

Y= Z Tnha(—n)Si—n + 1, =1, NK, 31

n=—u'
where 7, represents the diagonal elements of Toeplitz matrix R’, hy, s; and v, represent the

channel coefficients, transmitted symbols and noise samples, respectively, with a proper mapping.
T

To be more precise, y; = y-q)[p(1)], mn = g(—n%), 51 = sz@[e(l)] and v; = vy [p(l)] where
m(l)=(l—1 mod K)+1 and ¢(I) = |¢~V/k]| + 1. In addition, u’ depends on the truncation
length and the number of users, i.e., ' = (K — 1)(u + 1)/2. The model in (31) is commonly
referred to as the Ungerboeck model in which the noise samples are not white, but are correlated
according to E[vi,,v;] = o?r,. Normally, the samples are filtered by a noise whitening filter to
generate a model with white noise, referred to as the Forney model [30].

To avoid the complex process of noise whitening, we directly use the Ungerboeck model
to apply trellis-based algorithms which is novel in the context of asynchronous transmission.

By representing the received signal vector y by an orthonormal basis and denoting its vector

representation by 9, it is possible to express [31]:
p(@ls) o< [T Pilsty sic1, -+ siuw), (32)
l
where

H(Slasl—la e 7Sl—u/) = exp

1 * 1 * * o
;Re {ylh;(l)sl - §|hﬂ_(l)|2|$l|27‘0 — hﬂ,(l)sl Z Sl_nhﬂ—(l,n)rl }] . (33)
n=1

Therefore, the likelihood function has a recursive factorization that can be expressed in terms
of the y; samples. We observe that only the u' most recent input symbols s;_1,--- , s, are
required at each time epoch (. Thus, the signal can be described by means of a trellis where
each state is defined as p; = (s;_1, - , Si_w ). As an example, for BPSK modulation and v’ = 2,
a section of the corresponding trellis between the discrete-time instants [ and [ + 1 is shown in
Fig. 10. The Viterbi algorithm or BCJR can be applied to the trellis shown in Fig. 10 in which
the branch metrics are calculated based on the recursive factorization in (33) [32]. Interested

readers can refer to [30] for more details on the Ungerboeck model.



Fig. 10: Trellis Representation.

Although we avoid the noise whitening process by using the Ungerboeck model, the trellis-
based algorithms’ computational complexity is determined by the number of trellis states, which
grows exponentially with the memory of the effective ISI channel. To reduce the receiver’s
computational complexity, we also propose another transceiver design, which is inspired by the

channel diagonalization used in the capacity derivation in Appendix A.

C. Optimal Transceiver

For notational simplicity, we present the optimal transceiver design for a two-user case but

the extension to more users is straightforward. Recalling the system model:

U _ Ri1 Ry» hiln On S1 n 151 ’ (34)
Y2 R>1 R» On  holn S2 %
the diagonal sub-blocks, Ryys, are identity matrices and off-diagonal sub-blocks are Toeplitz
matrices which can be decomposed using the singular value decomposition, i.e., Ry2 = R3, =
UG,V?", where U and V are orthogonal matrices and G, is an N x N diagonal matrix
with singular values g;s as its diagonal elements. Users 1 and 2 can apply precoding to send

s1 = U Pyxq and s = V Pyxo, respectively. After processing the received samples to construct

91 = Uy, and g5 = V'y,, we have:

?%1 _ In G, hP;  On T N 'fl | (35)
Y G, In On  holP T 12

where 7 = U”vy and 5 = Vv, Thus, E[yin "] = Elpain”] = 02In and E[iy 9,7 =
E[ﬁzﬁlH ] = 062G ;. Due to the diagonalization of the channel sub-matrices and noise covariance

matrices, to detect x1[n] and z3[n], it is sufficient to use the following set of samples:

U1[n] _ 1 g, hy Py [n] 0 x1[n] N 1 [n] 36)
s [n] g 1 0 hoRln] ) \asln] paln] |



Fig. 11: Power Allocation Functions P; and Ps for r.r.c. pulse shape with 5 = 0.5, 7 = 0.5,
P1:P2:OdB,0%:2and0§:1.

where the covariance matrix of the noise vector is ( gln g )

Remark 1: Intuitively, the frequency-selective channel of the interfering user is transformed
into multiple single-tap subchannels where the strength of each subchannel is denoted by g,,.
Equivalently, the system model in (36) can be interpreted as an interference channel with a direct-
subchannel gain of 1 and a cross-subchannel gain of g, < 1. Notably, the cross-subchannel gain
in the synchronous transmission system is always equal to 1. Therefore, depending on the used
pulse shape, the cross-subchannel gain can be reduced using asynchronous transmission. An
example of cross-subchannel gains are shown in Fig. 11.

Remark 2: In the trellis-based methods presented previously, every transmitted symbol
affects up to u' output samples. However, with diagonalization, every transmitted symbol only

contributes to two output samples, reducing the detection complexity. The ML criterion can be

maximized over two transmitted symbols:

max _ 2Re{g;[n|21[n] + §;[n]2[n]} — |21[0][* — [22[n]* — 2Re{F{[n]73[n]gn}, Yn, (37)

z1[n],z2[n]€S
where Zy[n] = hyPg[n|xk[n]. The last term in the maximization shows the inter-dependence
of interfering symbols. As g, reduces, the inter-dependency reduces. Particularly, with g, = 0,
symbols can be detected separately without any interference. Note that for higher-order con-
stellations, simpler detection methods such as zero-forcing (ZF) are also applicable to ANOMA
while they are not relevant for NOMA with single antennas.

Remark 3: Based on the capacity-achieving power allocation scheme, presented in the previous
section, more power is allocated to subchannels with smaller cross-subchannel gains, i.e., g,.

Power allocation is particularly important for the weaker user which avoids assigning power
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to the subchannels with cross-subchannel gains of g, = 1 and concentrates more power to the
subchannels with smaller cross-subchannel gains. As an example, the power allocation functions
for a two-user scenario with r.r.c. pulse shape 8 = 0.5, 7 = 0.5, P, = P, = 0 dB, 0? = 2 and
o5 =1 are shown in Fig. 11.

After IC, the soft or hard information is passed to the de-mapping and de-interleaving modules.
Finally, the information on coded bits is passed to the decoder to decode the information bits,
as shown in Fig. 9b. Although the separation of the IC and decoding processes reduces the
receiver complexity, it results in substantial performance loss compared with the optimal receiver
formulated in (25). To recover the loss, and approach the capacity boundaries, we employ the
turbo principle. The turbo principle is based on the exchange of extrinsic information between

the IC and the decoder [33], [34].

D. Complexity Analysis

The complexity order of proposed IC methods including SIC, trellis-based and the ML-
based design are compared in Table I. The complexity of the SIC method is O (K M) per

TABLE I: Comparison of the complexity of IC Methods

Methods NOMA ANOMA
SIC O(KM) O(KM)
. (K—1)(u+1)
trellis-based NA Oo(M 2 )

ML-based O (KM*) O(KM*®)+O(KN)

symbol where K represents the number of users and M represents the constellation size. The
SIC method has the same complexity for both NOMA and ANOMA schemes. However, the
ANOMA scheme with SIC outperforms the NOMA scheme with SIC as explained in Section
IV-A. The complexity of the trellis-based algorithms such as Viterbi and BCJR is proportional
to the number of trellis states, which grows exponentially with the memory size of the effective
ISI channel [34]. The memory size of the effective ISI channel depends on the number of
users and the truncation length of the pulse shapes. As explained in Section IV-B, the number

(K—1)(u+1) .
2 where u represents the normalized

of states in the introduced system model is M
truncation length of the pulse shape, i.e., u = LQT—{;J . Thus, the complexity order of the trellis-based

methods can be expressed as O(M W) per symbol. Trellis-based methods can be applied
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to ANOMA due to introduced memory by asynchronous transmission and are not applicable to
NOMA. Various implementation techniques exist in the literature to reduce the computational
complexity of the trellis-based methods such as reduced state estimation methods [35]. The ML-
based methods exhibit complexity orders of O (K MK ) and O (K ME ) + O (KN) for NOMA
and ANOMA, respectively. The additional complexity of O (K N) for ANOMA corresponds to
the channel diagonalization explained in Section IV-C. The channel diagonalization includes K
matrix multiplications, which each can be performed with a complexity of O (N?), resulting in

the overall complexity of O (K N) per symbol.

V. NUMERICAL RESULTS

In this section, we present numerical results to verify our analysis for NOMA and ANOMA
systems. We utilize the LDPC codes with length 64,800 from the DVB-S2X standard [36] for
channel coding. With the exception of the last set of simulations with a range of coding rates, we
use the rate » = 1/2. To improve the performance and reduce the dependence among transmitted
symbols, we use an interleaver to scramble the coded bits, executed by the common Mersenne
Twister algorithm [29]. After interleaving, the scrambled coded bits are mapped to constellation
symbols, e.g., BPSK and QPSK, to generate transmitted symbols after proper pulse shaping. The
r.r.c. with roll-off factor S = 0.5 is considered for pulse shaping and 7" = 10 ws which results
in occupied bandwidth of B = 150 M Hz. The pulse shape is truncated to include 4 significant
side lobes and the timing offset is assumed to be 7 = 0.5.

First, we present results for the sub-optimal separate detection schemes. Different types
of IC schemes including the well-known SIC, trellis-based algorithms, and ML methods are
considered. In Fig. 12, the SIC methods are compared for OMA, NOMA, and ANOMA. The
NOMA method exploits the difference in the channel qualities; as the difference between channel
coefficients increases, the provided gain improves which is confirmed by Fig. 12. In Fig. 12a, with
|hi|* = 2, |hs|? = 1, NOMA’s performance for the stronger user suffers from interference and is
worse than that of the OMA method. However, as the difference between channel coefficients
increases, i.e., |h1|* = 4, |hy]? = 1, the NOMA’s performance improves for both users since the
interference for decoding User 1’s message is reduced and thus the effect of error propagation
is decreased for decoding User 2’s message. On the other hand, the ANOMA method performs
well in both scenarios showing its capability even when the channel coefficients are close. As

the difference between channel coefficients increases, the performance gap between NOMA and
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Fig. 12: Comparing SIC method for OMA, NOMA and ANOMA methods.

ANOMA methods is reduced. Particularly, their performance for the weaker user converge since
the stronger user’s message is decoded and removed with a very small error, reducing the effect
of error propagation.

Trellis-based algorithms can exploit the favorable ISI caused by asynchronous transmission.
We apply the well-known BCJR algorithm for ANOMA, which is compared with the ML
NOMA method in Fig. 13. The trellis-based ANOMA method provides around 1.5 dB gain
for both stronger and weaker users compared with the ML NOMA method. The optimal
ANOMA transceiver employs the channel diagonalization and power allocation to further
improve the performance and reduce complexity. The weaker user only utilizes half of the
available subchannels and uses QPSK modulation to produce the same bit rate. To show the
strength of the proposed transceiver, we suffice to use the capacity-achieving power allocation
scheme, although more efficient BER-minimizing power allocations can be used. Since half
of the subchannels are occupied solely by the stronger user, the receiver enjoys interference-
free detection with lowered computational complexity. The resulting transceiver design provides
around 2.5 dB and 5 dB gains for the stronger user and weaker user, respectively, compared with
the NOMA method. In Fig. 14, the performance of the introduced ML-ANOMA is compared
with ML-NOMA for a 3-user scenario with |hy|* = 10, |hy]? =4 and |h3|* = 1. The ANOMA
transceiver employs channel diagonalization as explained in Section IV-C, however, with no

power allocation. It verifies that even without power allocation, the asynchronous transmission



~+--U1 ML-based NOMA
U2 ML-based NOMA
—+—U1 Trellis-based ANOMA
U2 Trellis-based ANOMA
-+ U1 ML-based ANOMA
-G U2 ML-based ANOMA

- =--O
o -HiE-iil Hie

o

-
N
w

4 5 6 7 8
E,/N, [dB]

23

Fig. 13: Comparison of the ML NOMA, trellis-based ANOMA, and optimal ANOMA
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Fig. 14: Comparison of the ML ANOMA and ML NOMA transceivers with |hy[* = 10, |hy|?* = 4
and |h3]? = 1.

can be beneficial. The ANOMA transceiver based on channel diagonalization and ML detection
provides around 2 dB gain for each user.

In Fig. 15, a comparison between the performance of the ML NOMA and the proposed optimal
ANOMA is presented considering the turbo principle. We apply up to 15 turbo iterations and
the results show that the turbo principle improves the BER performance, particularly for the
weaker user. The reason is that, as soon as the stronger user is decoded, the error-free feedback
from the decoder can improve the performance of the weaker user substantially. The turbo

iterations provide around 3.5 dB and 1.5 dB gain for the weaker user in the ML NOMA
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and the optimal ANOMA, respectively. Note that the proposed transceiver design for ANOMA
substantially improves the performance of SIC ANOMA which verifies the sub-optimality of
SIC in ANOMA.

In Fig. 16, the performance of the synchronous and the asynchronous transmission is
compared for various transmission rates including r = [i, %, %, %, %, %, %, %, %, %, 1%] with
P, = P, = 1.76 dB and |hi|> = 2, |he|> = 1. In Fig. 16a, the rate of the weaker user is
set to Ry = 75 Mbps and the BER performance of the stronger user is shown with respect
to various transmission rates. ANOMA can achieve up to Ry = 120 Mbps while NOMA only
achieves up to Ry = 75 Mbps. In Fig. 16b, the stronger user transmits with R; = 120 Mbps and
the BER performance of the weaker user is shown with respect to various transmission rates.
ANOMA can support around Ry = 75 Mbps while NOMA only supports around Ry = 45 Mbps.
Thus, the asynchronous transmission can achieve the rate pair Ry = 120 Mbps, Ry = 75 Mbps,
shown with a star in Fig. 16c, which is not achievable by the synchronous transmission. These

results verify the capacity analysis and shows the effectiveness of the asynchronous transmission.

A. Final Remarks

« In this work, we assume flat fading channels, applicable to scenarios with no scattering such
as satellite communication [37]. In [27], it is shown that for high scattering environments,
the effect of asynchronous transmission is negligible. However, as the power of the dominant

path compared with the scattering paths is increased, the effect of asynchronous transmission
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operational rate points with P, = P, = 1.76 dB and |h|* = 2, |he|? = 1.

is intensified. As an alternative, frequency offsets can be intentionally added to induce time-

selectivity to improve the performance [17].

o The focus of this work is on two-user scenarios since in the context of NOMA, it is common

to cluster users into groups to maintain low complexity. For example, in [38], it is shown

that two layers of superposition coding is a good compromise between prospected gains

and added complexity.

o The optimal timing offset is shown to be 7 = 0.5 for a two-user scenario. It is also verified

in [12] that the equi-spaced timing offsets are advantageous for any number of users. Thus,
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in a MAC, the timing offsets can be predetermined and be controlled by control channels.
In this work, we assume perfect knowledge of timing offsets, however, the effects of timing
error in performance are analyzed in [15] where it is shown that the performance of both

NOMA and ANOMA degrades comparably by timing errors.

VI. CONCLUSION

In this work, we thoroughly analyzed the rate-region provided by the asynchronous trans-
mission in multiple access channels. We proved that the capacity-region of asynchronous
transmission is larger than that of the synchronous transmission as long as the pulse shape
has the ONB spectrum. We studied the well-known SIC method and compared its performance
for NOMA and ANOMA. We also demonstrated that asynchronous transmission introduces
memory in the system model, which makes trellis-based algorithms applicable. The introduced
Toeplitz structure resembles frequency-selective channels, which can be exploited by proper
channel diagonalization and power allocation. The proposed optimal transceiver design joint
with the turbo principle can provide transmission rates close to the capacity boundary. We
showed theoretically and numerically that the proposed asynchronous method could achieve the

operational rates that are not achievable by the synchronous transmission.

APPENDIX A
PROOF OF THEOREM 1

The system model in Eq. (3) can be re-written for a two-user scenario as:
R R hiI 0 s v
y = 11 12 14N N 1 + 1 :RHS+V. (38)
R21 Ra» On  hoIn) \s2 2
The mutual information /(y; s1, s2) can be upper-bounded by:

1 1
I(y;s1,82) < 3 log det[2me cov(y)] — 5 log det[2me cov(v)], (39)

where cov(y) = RHE[ss"|H” R + Ro? and cov(v) = Ro?. Therefore,

L L[ [haf? 0 R, R
I(y; s1,82) < s logdet | Ion + — 1h1[*Qs, N 11 12
2 ? ON |h2|2Q32 R21 R22

where @5, is the covariance matrix of the input process for User k. The upper-bound is achieved

; (40)

by Gaussian processes. Matrices Ry, and Ryo are equal to identity matrices and 12 and Ro;
are Toeplitz matrices. Let us decompose R;2, that depends on the pulse shape and the timing

offset, using the singular value decomposition, i.e., Ry = RL, = UG,V?', where U and V
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are orthogonal matrices and G- is an N x N diagonal matrix consisting of the singular values

of R,5. Hence, we can simplify the upper-bound using:

det {121\7 + % <|h1(|)25s1 |h2(\)21\és2 ) (g; g;; )} 41)
oo [(57 9)]aer ant p (M08 2, ) (s B e (849

= det -I2N + % (lhl‘Qg;Qsl VT”?;TZQS2 ) (e Rl‘gv)l

L 1mPUTQaU [mPUTQs, UG L (impes: o I
_ s1 s1 T . - 1 1 N N G-
= det I2N + — <|h ‘QVTQ.SQGT \h2|2VTQ32V > = det I2N + o2 ( on \h2|232) (GT IN)

where 81 =U'Q,,U and S; = V' Q,, V. To further simplify the upper-bound, we use Lemma
2 in [9], which states:
Lemma 1: Let A and B be N x N non-negative-definite matrices, and let G =

diag(g1,- -+ ,gn] where |g,| < 1,n=1,---, N. Then,

N
det [IZN + ( A 0113V) (ICI;V IC;)] § H (1 + Gpn + bnn + annbnn(l - 9727,)) ) (42)

n=1
where a,,, and b, are the diagonal elements of matrices A and B, respectively. The equality
is achieved when A and B are diagonal.

As a result, the upper-bound is achieved if &7 and S, are diagonal, or equivalently, s, and
Qs, are eigen-decomposed by U and V, respectively. Denoting the diagonal elements of &,

and S» as sy, and s, respectively, we have:

Ri+ Ry < Zl PR R L ey 1 (1—g¢2) 1wy
1 2 1T 0g 2 Sin o2 San o S1nS2n In N
Toeplitz matrices are asymptotically equivalent to circulant matrices as the matrix dimension

goes to infinity [23], [39]. The implication of the asymptotic equivalence of Toeplitz matrices with

circular matrices is that the values of the singular values of Toeplitz matrices are asymptotically

equal to samples of their generating function. In more details, considering a Toeplitz matrix,

R, its generating function, R(f), f € [0, 1], and its singular values, r,,n = 1,--- , N, we have
=|R(n/N)|,n=1,---, N [24].
Defining f, = n/N, dfyx = 1/N, Su(fn) = Sgn and G (fn) = gn,
we can rewrite the sum-rate upper-bound as C = % 1My o0 ij L C(fn)dfn where

li
C(fa) = log (1+2F80 () + L2 S5(1) + BERE S, (£)S2(f)(1 = G2(f,))). Because
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C(f,) is bounded and almost everywhere continuous on the interval [0, 1], then it is Reimann

integrable on the interval [40], [41], and therefore:

1 2 2 2 2
Rt i< [og (10 s+ PEsn + DR s (sna - e o @
Jo g g g

where 51 (f) and S5(f) are PSDs of Users 1 and 2, respectively. In addition, G (f) = |Ri2(f)| =
|R12(f)| where Ri2(f) and Ryo(f) are the generating functions of Toeplitz matrices Ry, and
R5q, respectively. Therefore, we have:
0<Ri <1 [llog, (1+S;7(ff)> df
C = U (Ry, Ry), 0< Ry, <1 [llog, (1+Si7?) df ’

Sk (£)=0, k=1,2 1t S1(f) | Sa(f) | S1(f)S2(NH(1=G2(f))
fol Sk(f)dePk 0 S Rl + R2 S 3 fo log (1 + U% + 20_5 + G‘%o’% ) df

where the union is over all the PSDs that satisfy users’ power constraints. The provided capacity-
region settles the proof of converse, setting upper-bounds on the achievable rate pairs. On the
other hand, the achievability is verified using Lemma 1 which states that the upper-bounds in the
capacity-region can be achieved by Gaussian processes with covariance matrices Q5, = US;U”
and Q,, = VS, V' where S; and S, are diagonal. Further discussion on finding the optimal
81, S, or equivalently users’ optimal PSDs are provided throughout the manuscript.

To analyze G.(f), recall the structure of Ry2 as:

g-(0) g-(1) - gr(N-1)

Ry, = | ¢ o : (45)
: e T e
gr(1=N) - gr(=1) g-(0),

where 7 is the timing offset between two users and ¢(¢) is the matched filter pulse. Recall
that g,(m) = ¢g(7T + mT). The generating function of Rjs is defined as Riy(f) =
Zflv:_ll_ ~ 9r(n)e7#™ and is periodic with period 1. Equivalently, Ryo(f) is:

o0

(FUEEDS e‘ﬂ““f“)g(%), (46)

where g(f) is the Fourier transform of ¢(¢). Note that R15(f) can be interpreted as the folded-
spectrum. The only difference is that each replica is phase shifted due to the timing offset

between users. The concept of phase-shifted folded spectrum is shown in Fig. 2.
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