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Abstract

Relay cooperation and integrated microwave and millimeter-wave (mm-wave) dual-band communication are
likely to play key roles in 5G. In this paper, we study a two-user uplink scenario in such dual-bands, modeled
as a multiple-access relay channel (MARC), where two sources communicate to a destination assisted by a relay.
However, unlike the microwave band, transmitters in the mm-wave band must employ highly directional antenna
arrays to combat the ill effects of severe path-loss and small wavelength. The resulting mm-wave links are point-
to-point and highly directional, and are thus used to complement the microwave band by transmitting to a specific
receiver. For such MARC S, the capacity is partially characterized for sources that are near the relay in a joint sense
over both bands. We then study the impact of the mm-wave spectrum on the performance of such MARCs by
characterizing the transmit power allocation scheme for phase faded mm-wave links that maximizes the sum-rate
under a total power budget. The resulting scheme adapts the link transmission powers to channel conditions by
transmitting in different modes, and all such modes and corresponding conditions are characterized. Finally, we

study the properties of the optimal link powers and derive practical insights.

Index Terms
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I. INTRODUCTION

Fueled by the ever increasing demand for bandwidth-hungry applications, global wireless traffic is
expected to continue its rapid growth [1]. However, due to scarce microwave bandwidth (i.e., sub-6 GHz
spectrum) current 4G technologies are unlikely to be able to support the anticipated massive growth
in traffic [2]. To tackle this challenge, several new technologies are being studied to be potentially
incorporated into 5G standards. Among these, a key technology is to integrate the vast bandwidth in
the 28 — 300 GHz frequency range, referred to as the millimeter wave (mm-wave) band, with sub-6 GHz

spectrum [3]—[5], and provide cellular access jointly over these two bands.
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Transmission in the mm-wave band differs from that in the conventional microwave band in that
omnidirectional mm-wave transmission suffers from much higher power loss and absorption. Thus, a
transmitter must use beamforming via highly directional antenna arrays to reach a receiver [6]. Due to the
small wavelength at mm-wave frequencies and large path loss, beamforming typically creates links that
have a strong line-of-sight (LoS) component and only a few, if any, weak multi-path components. Such
mm-wave links are inherently point-to-point, and are well modeled as AWGN links [7]-[9]. Although mm-
wave links support high data rates due to their large bandwidths, they provide limited coverage, whereas
microwave links typically provide reliable coverage and support only moderate data rates. Thus, in a dual-
band setting, these two bands mutually complement each other: conventional traffic and control information
can be reliably communicated in the microwave band, and high data-rate traffic can be communicated via
the mm-wave links [3]-[5], [10]-[15].

In future 5G networks, access via dual microwave and mm-wave bands will likely be a key technology,
and hence they have been subject to much investigation recently. For example, studies as in [10]-[12],
[14] focus on improving network layer metrics such as the number of served users, throughput, and
link reliability, etc., while studies as in [16]-[18] focus on improving physical layer metrics such as the
achievable rates and outage probability. Moreover, the emergence of dual-band modems from Intel [19]
and Qualcomm [20], and practical demonstrations such as that in the 3 GHz-30 GHz dual-bands in [4]
clearly illustrate the immense potential of such networks. However, few studies have been reported on
the information-theoretic limits of multi-user dual-band networks [21], which are crucial in identifying
the limits of achievable rates, simplified encoding schemes, etc., in practical dual-band networks. For
example, the study on the two-user interference channel over such integrated dual-bands [13] has shown
that forwarding interference to the non-designated receivers through the mm-wave links can improve
achievable rates considerably. Moreover, relay cooperation, which already plays a key role in microwave
networks, will likely play a vital role in such dual-band networks as well, especially to offset impairments
such as blockage in the mm-wave band [8], [12], [22], [23].

Thus motivated, we study the two-user Gaussian multiple-access relay channel (MARC) over dual
microwave and mm-wave bands, which models uplink scenarios, e.g., fixed wireless access [24] which
is expected to eliminate last mile wired connections to end users. In this case, the base station will
communicate with a fixed access-point that is equipped with the hardware necessary for dual-band
communication including mm-wave beamforming, which will likely be located outside a building and

will provide high data rate access to users inside the building (end users). As such, the dual-band MARC



can model relay-assisted uplink from two such fixed access-points located in nearby buildings. In the
future, when mobile handsets are equipped with dual-band communication capable hardware, the dual-
band MARC can also model relay-aided cellular uplink from mobile users.

In this MARC, two sources communicate to a destination with the help of a relay over dual microwave
and mm-wave bands. In the microwave band, transmissions from both sources are superimposed at the
relay and at the destination as in a conventional MARC (c-MARC) [24]. In contrast, since mm-wave links
are highly directional [7], when a transmitter in the mm-wave band transmits specifically to the relay or
the destination, the resulting mm-wave link causes minimal to no interference to the unintended receiver
[9], [25]. In fact, a mm-wave transmitter can create two parallel non-interfering links via beamforming,
and then communicate with both relay and destination simultaneously [6], [9], [25]. Therefore, in this
work a mm-wave transmitter is modeled as being able to create two such parallel non-interfering AWGN
links to simultaneously transmit to the relay and the destination, while a mm-wave receiver is modeled
as being able to simultaneously receive transmissions from multiple mm-wave transmitters via separate
mm-wave links [26] with negligible inter-link interference.

It is natural to ask whether a user (or source) in the mm-wave band should transmit to the relay, the
destination, or both. Depending on whether each of the two sources transmits to only the relay, only the
destination, both, or none, 16 different models are possible. The general model that includes all microwave
and mm-wave links is referred to as the destination-and-relay-linked MARC (DR-MARC), where the two
sources (S; and S;) simultaneously communicate to the destination (D) via the mm-wave S;-D and
S,-D direct links as well as to the relay (R) via the mm-wave Si-R and S,-R relay links. Since all
other models with varying mm-wave link connectivity can be obtained from the DR-MARC by setting
the relevant transmit powers to zero, they are not defined explicitly. However, the model where transmit
powers in the mm-wave direct links are set to zero is an important one and referred to as the relay-linked
MARC (R-MARC).

In addition to mm-wave links, the dual-band MARC also consists of an underlying conventional
microwave band c-MARC. The capacity of such an individual c-MARC was partially characterized under
phase and Rayleigh fading [24], [27], and therefore, we assume that the dual-band MARC is subject to
a general ergodic fading where the phase of the fading coefficients are i.i.d. uniform in [0, 27), similar
to phase and Rayleigh fading. The general fading contains phase and Rayleigh fading as special cases,
and can model a range of channel impairments. For example, phase fading models the effect of oscillator

phase noise in high-speed time-invariant communications [28], the effect of phase-change due to slight



transmitter-receiver misalignment in LoS dominant links [29], etc., while Rayleigh fading models the
effect of rich scattering [30].

In [24], the conventional c-MARC was classified into the near c-MARC and the far c-MARC cases. In
the near c-MARC, the sources are near the relay in that the source-relay channels are stronger than the
source-destination channels in the sense of [24, Theorem 9], and thus the capacity of the near c-MARC
was characterized. Naturally, the far c-MARC case is complementary to the near case. Here, we similarly
classify the dual-band MARCs (DR-MARC and R-MARC) based on whether the underlying c-MARC in
the microwave band is a near or a far c-MARC in the sense of [24].

First, we consider the DR-MARC where the sources simultaneously transmit in both the mm-wave
relay and mm-wave direct links. We show that irrespective of whether the underlying c-MARC is a near
or a far c-MARGC, its capacity can be decomposed into the capacity of the underlying R-MARC (that
consists of the c-MARC and the two mm-wave relay links) and the two mm-wave direct links. Hence,
it is sufficient to focus on the R-MARC. The capacity of the R-MARC with near underlying c-MARC
are characterized under the same conditions as in [24] and thus does not need additional conditions on
the mm-wave links. Therefore, we focus primarily on R-MARCs with far underlying c-MARC where
the mm-wave links play a key role, and for such R-MARC:S, we find sufficient channel conditions under
which its capacity is characterized by an achievable scheme.

The DR-MARC is a building block for future dual-band multiuser networks. Since, its performance
will be significantly affected by the mm-wave links due to their large bandwidths [11], [18], [21], it is
useful to understand how allocating the mm-wave band resources optimizes the performance, similar to
other multiuser networks [8], [21], [31]. Hence, to quantify the impact of the mm-wave spectrum on the
performance of the DR-MARC, we study the power allocation strategy for the mm-wave direct and relay
links (subject to a power budget) that maximizes the achievable sum-rate.

The contributions of this paper is summarized as follows.

o We decompose the capacity of the DR-MARC into the capacity of the underlying R-MARC and
two direct links. This shows that irrespective of whether the underlying c-MARC is a near or a far
c-MARGC, operating the R-MARC independently of the direct links is optimal.

« We derive an achievable region for the R-MARC. Then, for R-MARCs with far underlying c-MARC,
we obtain sufficient conditions under which this achievable scheme is capacity achieving.

« We characterize the optimal power allocation scheme (OA) for the mm-wave direct and relay links that

maximizes the sum-rate achievable on the DR-MARC with the aforementioned achievable scheme.



For intuition, we partition the range of the total power budget (P) into several link gain regimes
(LGR) based on whether P satisfies certain channel conditions, and show that the OA allocates link
powers in different modes in each LGR. We obtain all such LGRs and modes of power allocation
which reveal useful insights.

We observe that for DR-MARCs with near underlying c-MARC, the OA allocates P entirely to the
direct links for all P > 0. However, for DR-MARCSs with far underlying c-MARC, we observe the
following:

(i) when P is smaller than a certain saturation threshold (Pgat), for the direct and relay links
of each source, the OA allocates powers following a Waterfilling (WF) approach. Specifically, for
sufficiently small P, the OA allocates P entirely to the strongest of the direct and relay links of a
source, and as P increases, power is eventually allocated to the remaining links. Thus, for P < Pggt,
each link-power either increases piecewise linearly with P, or remains zero.

(i) when P > Pggat, saturation occurs where the relay link powers are constrained to satisfy a
certain saturation condition. As P increases beyond Pgy, the direct link powers grow unbounded
with P, while the relay link powers vary with P as follows. There exists a threshold Pg, > Pgat,
such that (@) if one relay link is significantly stronger than the other (in a sense to be defined later),
then for all P > Py, power in the stronger relay link remains fixed at a constant level and that in the
weaker relay link at zero, and (b) if the relay link is only stronger but not significantly stronger, for
all P > Py, power in the stronger and the weaker relay links monotonically increase and decrease
respectively, and approach constant levels.

(iii) if the mm-wave bandwidth is large and the power received at the destination from the relay
via the mm-wave link is also large, allocating power as in the WF-like solution is optimal for all

practical P, and saturation only occurs for large values of P.

This paper is organized as follows. The system model is defined in Section II. The results on the DR-
MARC and the R-MARC are presented in Section III and Section IV respectively. The optimum sum-rate
problem is presented in Section V, while in Section VI insights are derived from the link gain regimes.
Finally, conclusions are drawn in Section VII.

Notation: The sets of real, non-negative real and complex numbers are denoted by R, R, and C. Vectors
are generally denoted in bold (e.g., p) with p > 0 denoting that each p; € R,. Random variables (RVs) and
their realizations are denoted by upper and lower cases (e.g., X and x). Specifically, Z ~ CN(0, o%) denotes

a circularly symmetric complex Gaussian (CSCG) RV with mean 0 and variance o2, and ® ~ U[0, 27)
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Fig. 1: (a) Example of the DR-MARC in a cellular uplink. (b) A 2-D geometry of the DR-MARC where the relay and
the destination are located on the x-axis, and the sources are located symmetrically on either side of the x-axis. The distance
between nodes m and ¢ is denoted by d,,,; where m € {1,2, R}, € {D, R}, m # ¢. (c) System model of the Gaussian DR-MARC:

solid line and dashed line denote microwave band and mm-wave band transmissions respectively.

denotes a uniformly distributed RV in [0,27). Also, E[.] denotes expectation, while |x]| denotes the

greatest integer no larger than x, and C(p) := log(1 + p).

II. SYSTEM MODEL

We consider a relay-assisted two-user uplink scenario as in Fig. 1a which is modeled as the DR-MARC
as in Fig. Ic. Note that a bandwidth mismatch factor (BMF) @ may exist between the two bands such that
for n accesses of the microwave band, the mm-wave band is accessed n1(n) := | an] times. To communicate
a message M from source S, it is encoded into three codewords, X;'(My), XZI(Mk) and )_(Zl(Mk), of
lengths n,n; and n; respectively. Then, X}'(My) is transmitted towards D by using the microwave (first)
channel n times, and due to the nature of this band, X['(M;) and XJ(M,) superimpose at D and at R as
in the c-MARC [24]. Meanwhile, in the mm-wave (second) band, )A(Z‘(Mk) is transmitted to R through
the Sy-R relay link and )_(Zl(Mk) to D through the S;-D direct link simultaneously by using the links 7
times. The relay aids by creating codewords X and Xg‘ from its received signals and transmitting them
to D in both bands.

We now define the channel model of the Gaussian DR-MARC. As in [24], in the first band, the channel

outputs at D and R at the i-th use of the band are given by

Yp; = Hip;X1,; + Hyp;X>; + Hrp,;XR; + Zp, (1)

YR = Hig;X1; + HopiXo; +Zr;, i=1,...,n, )



where H,,;; € C are channel fading coefficients from the transmitter at node m to the receiver at t,
m # t,m € {1,2,R},t € {R,D}, and input X,,; € C are block power constrained, % 1 E[| X <
P,,m € {1,2,R}. Also, the noise RVs are Zg; ~ CN(0, 1), i.i.d., and Zp; ~ CN(0, 1), i.i.d.

In the second band, the outputs of the S;-R relay links at the relay R are modeled as
Yire = HireXie + Zires ke {1,2}, €=1,...,ny, 3)

and the outputs of the S;-D direct links and the R-D link at D are modeled respectively as

YmD,t’ = HmD,t’Xm,f + ZmD,& me {1’ 2’ R}’ [: 13 AR nb (4)

where HkR’g are the fading coefficients of the Si-R relay links, while FI]{D’[ and FIRD’g are the same for
the S;-D direct links and the R-D mm-wave link respectively. The input symbols, X; , € C and X,,, € C,
are block power constrained as follows: n—ll 2“:1 E[| Xi.c|?] < P, nil 221:1 E[|X,.¢1?] < Py. Also, the noise
RVs are Zyr, ~ CN(0,1), k € {1,2}, i.i.d., and Z,p, ~ CN(0,1),m € {1,2,R}, i.i.d.

We assume that the DR-MARC is subject to an ergodic fading process where, across channel uses,
the phase of the fading coefficients are ~ U[0, 2x) i.i.d. Specifically, the fading coefficients from node m
to node 7, m € {1,2,R},t € {R,D},m # ¢, in the first band are denoted by H,,;; := meﬂamm, while
those in the second band by Hyu¢ := vGre’®m¢, with j := V=1. Here, @i, Opre ~ U0, 27) iid.,
and Gy, Gm,,g € R, are i.i.d. RVs that depend on the inter-node distance d,;, as well as the pathloss
exponent B (for the first band) and S, (for the second band). For example, when specializing to phase
fading, we take G = 1 /d’sz and G_mt’[ =1 /d’ff, to be constant, and for Rayleigh fading, we take
Gpi ~ exp(1/ dﬁ‘,) and G0 ~ exp(1/ dﬁzl) i.i.d., where exp(u) is an exponential distribution with mean
A

We also assume that (i) the long term parameters, i.e., the distances and the pathloss exponents, are
known at all nodes; (ii) the instantaneous channel state information (CSI), i.e., the phase and magnitude
of the fading coefficients, are not available to any transmitter; and (iii) each receiver knows the CSI on
all its incoming channels, but has no CSI of other channels. This models practical scenarios where CSI
feedback to a transmitter is unavailable, while a receiver can reliably estimate the CSI. Also, this is less
restrictive than [31] where full or partial CSI is also available at a transmitter.

Note that given a BMF «, for n uses of the microwave band, the mm-wave band is used n;(n) := |an]
times, while for n; uses in the mm-wave band, the microwave band is used n(n;) := |n/a] times. We

define a (2"%1,2"%2 n, o) code for the DR-MARC that consists of (i) two independent, uniformly distributed

message sets My = {1,...,2"%} k € {1,2}, one for each source; (ii) two encoders ¢; and ¢, such that



¢ My > C'xCxCm®, ke {1,2}; (iii) a set of relay encoding functions, {f;}", and {f_f}Z;(ln)’ such

— 1 1 — n(f-1 -1
that xp; = (gL (R, S Y DYy and Jre = fORT GV AL HISTUY2 ), xR TRy € G

and (iv) a decoder ¢ at D such that  : C* x C¥®) x €31 x C3M0) 5 M| x M.

The relay helps by computing {xg;}!_, and {ng}t,l()

causally by applying functions {f;}!, and
{f; }nl(") on its past received signals and CSI as above and transmitting them to D. A rate tuple (Ry, Ry) is
said to be achievable if there exists a sequence of (Z”Rl, 2Ry g a) codes such that the average probability of
error PY" := Pr{y (Y2, {(¥"L, H" o, H" hmeqi2R)) # (M1, M2)] — 0 as n — co [32, Chap. 15.3]. Finally, the

system model of the R-MARC is defined from that of the DR-MARC by setting X;p; = Vip; = 0,k = 1,2.

III. DECOMPOSITION RESULT ON THE DR-MARC

TWe show that the capacity of the DR-MARC with BMF «, denoted Cpg(a), can be decomposed into
the capacity of the underlying R-MARC, denoted Cg(a), and the two S;-D direct links.

Theorem 1. Cpg(«) is given by the set of all non-negative rate tuples (R, R>) that satisfy
Cpr(@) = {(R1, Ry) : Ry < r1 + aE[C(GpP1)],

Ry < ry + aE[C(GapP)]},

where (r,r) € Cr(@), and the expectations are taken over the corresponding RVs.

The proof is relegated to Appendix A. For the special case of phase fading where G,p = 1 /dfzD
are constant, expectations in Theorem 1 are not needed, while for Rayleigh fading expectations are
over Gyp ~ exp(l /d'sz). Any (R, Ry) in the DR-MARC can be achieved by achieving (ri,r) in the
underlying R-MARC and supplementing it with the capacity of the direct links. Hence, operating the
direct links independently of the R-MARC is optimal, which simplifies the transmission. Since Cpg(a)

can be determined from Cg(a), it is sufficient to focus on Cg(a), considered next.

IV. CAPACITY OF A CLASS OF R-MARC

Unlike the DR-MARC where separating the operation of the underlying R-MARC from the mm-wave
direct links is optimal, in the R-MARC separating the underlying c-MARC and the mm-wave relay links
is suboptimal in general. In fact, capacity of the R-MARC is derived by operating the c-MARC jointly

with the relay links. First, we characterize an achievable rate region for the R-MARC.

Theorem 2. An achievable region of the R-MARC with BMF a, denoted C p(), is given by the set of all

non-negative rate tuples (R, Ry) that satisfy

Ri < E[C(GigP1)] + @E[C(G1rP))], 5)



R, < E[C(G2rP2)] + ¢E[C(GarP2)], (6)

Ri + Ry <E[C(GirP1 + GorP2)] + @E[C(G1rP1)] + aE[C(GorPy)], (7)
R; < E[C(GpP1 + GrpPR)] + ¢E[C(GRpPR)], (8)
Ry < E[C(GapP2 + GroPR)] + ¢E[C(GRpPR)], 9)
R; + Ry < E[C(GpP; + GopP> + GRpPR)] + ¢E[C(GRrpPR)], (10)

where expectations are over the channel gains G,,; and G,,;, m # t,m € {1,2,R},t € {R, D}.

The achievable region C ,() is obtained by performing block Markov encoding and backward decoding
for the relay, as outlined in Appendix B. Moreover, the same message is jointly encoded into codewords
that are transmitted simultaneously in both bands. Interestingly, the bounds in (8)-(10) can be interpreted
as that of the MAC from the sources to the destination aided by the relay.

In [24], the capacity of the near c-MARC, where the source-relay links can support higher rates than
source-destination links, was characterized. In contrast, for R-MARCs with far underlying c-MARC, if

the following conditions hold, then the scheme of Theorem 2 is also capacity achieving.

Theorem 3. If the channel parameters of the Gaussian R-MARC with BMF « satisfy

E[C(GipP1 + GroPR)] + ¢E[C(GroPR)] < E[C(G\rP1)] + aE[C(GrP))], (an

E[C(G2pP; + GroPR)] + ¢E[C(GroPR)] < E[C(GorP2)] + aE[C(GorP))], (12)
E[C(GpPi + GapP2 + GroPR)] + ¢E[C(GroPR)] < E[C(GIRP: + GorP2)] + a X;_ E[C(GrPi)].

(13)

then its capacity is given by the set of all non-negative rate tuples (R, Ry) that satisfy (8)-(10). Here, the

expectations are over channel gains G, G, m #t,m € {1,2,R},t € {R, D}.

While the proof is relegated to Appendix C, we discuss the key steps here. First, in the proof of
the outer bounds in steps (e)-(f) of (30), the cross-correlation coefficients between the source and relay
signals are set to zero. Since instantaneous CSI are not available to the transmitters and the phase of
the fading coefficients ~ U|0, 2r), i.i.d., setting the cross-correlation to zero proves optimal, resulting in
outer bounds (8)-(10). Next, in Theorem 2, if conditions (11)-(13) hold, the achievable rates (8)-(10) for
the destination are smaller than those in (5)-(7) for the relay. Hence, the relay can decode both messages
without becoming a bottleneck to the rates. Thus, under (11)-(13), rates (8)-(10) are achievable and they

match the outer bounds.
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Fig. 2: (a) The ASR matches the OB if dsg < ng for both cases of drp. (b) The source locations for which the scheme of

Theorem 2 achieves the capacity of the R-MARC (i.e., the locations at coordinates (x, +y) in the shaded regions).

Note that the rates in Theorem 2 are achieved by encoding jointly over both bands. Hence, while
capacity of the c-MARC is known only when the source-relay links are stronger in the microwave band
(near case), in the R-MARC, they only need to be stronger jointly over both bands. Thus, even if sources
are not near the relay in the microwave band, for sufficiently strong mm-wave relay links, they can become
“jointly near” over both bands, where the scheme of Theorem 2 achieves capacity.

The above result applies directly to phase and Rayleigh fading: for phase fading, G, and G,, are
geometry determined constants, and thus the expectations in Theorem 2 are not needed, while for Rayleigh

fading, the expectations are over G,,; ~ exp(1/ dﬁ‘,) and G, ~ exp(l/dfft .

Numerical Examples: To illustrate the impact of mm-wave links on the capacity of the R-MARC, we
consider a two-dimensional topology as in Fig. 1b where R and D are located on the x-axis at (0,0) and
(0,drp), and S; and S, are located symmetrically at (—dgpg cos ¢, +dgpg sin ¢), with ¢ being the angle
between a source and R and dgp = (déR + d2RD + 2dsrdRp cos ¢)!/? the resulting source-destination
distance. We take both bands in the R-MARC to be under phase fading as in [24]. Hence, expectations
in conditions (11)-(13) and Theorem 2 are not needed, and observations can be interpreted in terms of
distances. Also, power constraints in the R-MARC are set to 10 and ) = 2,5, = 4.

First, note that under condition (13), the sum-rate outer bound (OB), given by the r.h.s. of (10), matches
the achievable sum-rate (ASR) in Theorem 2, given by the minimum of r.h.s. of (7) and (10). For ease

of exposition, we fix drp, ¢ and BMF «. Hence, condition (13) is equivalent to dgg < d*SR(dRD, ¢, a) for
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some threshold source-destination distance dgp(drp, ¢, @). We verify this for fixed ¢ = 7/4 and @ = 2
and two cases of drp € {1, 0.5} by plotting the ASR and the OB as functions of dgr € (0,2.5] in Fig. 2a.
We observe that the ASR matches the OB if dgr < d*éR with d*éR ~ 1.41 for dgp = 1, and d*SR ~ 0.91
for drp = 0.5, otherwise the ASR is strictly smaller. As drp reduces from 1 to 0.5, for condition (13) to
hold, d*éR also reduces from d*SR ~ 1.41 to =~ 0.91.

Next, to illustrate the impact of the mm-wave links, in Fig. 2b we depict the source locations relative to
the relay and the destination for which all of conditions (11)-(13) are satisfied and therefore the scheme
of Theorem 2 achieves capacity. As such, we fix drp = 1, vary ¢ € (0,7) and dgg € (0,2) to vary
source locations, and plot the resulting regions: we overlay the region for the case without mm-wave links
(@ = 0) on those with mm-wave links with BMF «a € {2,4, 10} as well as @ — oo.

First, for the case without mm-wave links (@ = 0), conditions (11)-(13) hold only when sources are
within the innermost black region in Fig. 2b. Noting that for each ¢, the resulting threshold distance d*SR(qb)
is at the boundary of this region, as ¢ increases from ¢ = 0 to ¢ = m, d*éR(qb) decreases monotonically
from ~ 1.2 to = 0.47. We thus observe that conditions (11)-(13) hold for much larger threshold distance
d*SR when sources are located far away from destination (i.e., ¢ = 0), and threshold distance d*éR reduces
considerably when sources are closer to the destination (i.e., ¢ ~ 7).

We note that the above trends continue to hold when mm-wave links are used («¢ > 0), however,
the resulting region (union of the inner black and outer gray regions) now extends much closer to the
destination. For example, for the region with @ = 2, d*SR reduces to only =~ 0.96 near the destination,
compared to = 0.47 with @ = 0. Moreover, the resulting region grows with a but the growth saturates for

higher values of a, with @ = 10 producing almost the same region as that for @ — oo.

V. THE OPTIMAL SUM-RATE PROBLEM

Since mm-wave links can have significantly larger bandwidth than the microwave links, they can
significantly affect the performance limits of the DR-MARC. To understand this impact, we study how
the sum-rate achievable on the DR-MARC (with the scheme of Theorem 2) is maximized by optimally
allocating power to the mm-wave direct and relay links. We observe that the resulting scheme allocates
power to the mm-wave links in different modes depending on whether certain channel conditions hold.
This characterization reveals insights into the nature of the scheme, and can serve as an effective resource
allocation strategy for such dual-band networks in practice.

For ease of exposition, the mm-wave band is assumed to be under phase fading while the microwave

band is assumed to be under the general fading of Section II. Here, phase fading is a good model for
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mm-wave links such as those in [7], as phase fading is a special case of the general fading model [33]
when the diffuse component associated with the non-LoS propagation is not present. Furthermore, this
simplification reveals useful insights into the optimal power allocation.

Under phase fading, the link gain in the Sj-D direct link (referred to as DLy) is Gyp = 1/ dsz > 0, and
that in the S;-R relay link (referred to as RL;) is Gyg = 1/ dfg > (0, which are constants. For convenience,
we denote the link gains of DLy and RL; by di := Gyp and ry := GyR, k € {1,2}. We assume that the

transmit power in DLy (p) and RL; (gx) from source Sy satisfy a total power budget
pr+qr =P, ke{l,2}. (14)
For a fixed power allocation (p1, 1, p2, ¢2), R is an achievable sum-rate of the DR-MARC iff
R < min{ZR, Zp}. (15)
Here, ) and Xp denote the sum-rates achievable at the relay and destination, and are given by

YR = oR +a Yt log(1 + reqr) + log(1 + dipy), (16)
Yp = op +a Xi_, log(1 + dipy), (17)

where op := E[C(GipP; + GopP> + GrpPRr)] + aC(GrpPRr) and oRr := E[C(G,rP1 + GorP>)], with
the expectations taken over the RVs involved. Note that £g and Xp are obtained as follows. For direct
link powers (pi, p2), it follows from the decomposition result in Theorem 1 that the sum-rate of the
DR-MARC is given by the sum of the sum-rate of the R-MARC and the total rate of the direct links,
ie., aZizl log(1 + dipx). Now, for given relay link powers (g1, q2), the sum-rate of the R-MARC is
given by the minimum of r.h.s. of (7) and (10). Hence, R is given by the sum of the r.h.s. of (7) and
aZizl log(1 + dypy) as expressed in (16), while Xp is obtained by the sum of the r.h.s. of (10) and
aZizl log(1 + dpx), as given in (17).

The problem of maximizing R over the transmit powers (p1, g1, p2, g2) 1s then

[£1] maximize R

subject to R < XR, (18)
R < Zp, (19)
pi+aqr =P, ke{l2} (20)

(P1,91, P2, 92, R) = 0. (21)
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Note that [#1] is a convex optimization problem as the objective is linear, constraints in (20) are affine,
and those in (18)—(19) are convex. Hence, it can be solved by formulating the Lagrangian function of
[P1] by associating a Lagrange multiplier to each constraint in (18)-(21), and then deriving and solving

the KKT conditions [34]. See Appendix D for details.

A. Link Gain Regimes and Optimal Power Allocation

To gain insights, we derive the optimal power allocation in closed form, and describe it in terms of
link-gain regimes (LGR) which are partitions of the set of all tuples of link gains and power budget P,
found while solving the KKT conditions for [£1]. Specifically, we derive the KKT conditions and solve
for the optimal primal variables (i.e., transmit powers) and the optimal Lagrange multipliers (OLM). To
simplify the procedure, we consider the set of tuples of OLMs associated with inequality constraints in
(18), (19) and (21), and partition this set into a few subsets based on whether the OLMs in the set are
positive or zero, i.e., whether the associated primal constraints are tight or not (detailed in Appendix D).
For each resulting partition of the set of OLM tuples, we first derive the expression for the optimal powers
in closed form. However, the conditions that define these partitions are still characterized in terms of the
OLMs. Therefore, to express the optimal power allocation explicitly in terms of link gains (ry, r2, dy, d2)
and power budget P, we express the conditions that partition the set of the OLM tuples in terms of link

gains, P, and parameter vy, defined as
y = 7 (0D-0R)/@ (22)
which models the effect of microwave band parameters, with op and o defined in (16)-(17).

Remark 1. The parameter y in (22) is used only to simplify the exposition. When interpreting the
optimum transmit powers, we often compare X and Xp. Substituting their expressions in (16) and (17),
the comparison between ¥R and Xp reduces to that between oR + 012%:1 log(1 + rrqx) and op, i.e.

equivalently between (1 + riq1)(1 + rags) and 2C7°=7R)/® We thus define y = 2(o0=oR)/a,

As a result, the set of (ry, r, di, da,y, P)-tuples is partitioned into a few subsets (LGRs), each corre-
sponding to one and only one subset of OLM tuples. The conditions for each LGR is then simplified and
expressed as upper and lower bounds (threshold powers) on power budget P where the threshold powers
depend on (ry, 2, dy, da,y). This results in partitioning the power budget P > 0 into a few intervals, each
describing an LGR. Specifically, we consider two cases op < og and op > oR, which are equivalent to

v <1 and y > 1 respectively.
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TABLE I: LGRs and corresponding optimal power allocation for the case with y > 1.

Definition of LGR Optimal power allocation
Agg = {c:0 < P < min(Pq g, Pgq)} p=P.  @=0 p=P.  @=0
Agr={c:0<P< min(lf’&’d, Pd.d> Pa,r)} p1 =P, q1 =0, p2 =0, g =P
Arg:={c:0<P< min(P&’d, If’d’d, Prd)} p1 =0, q1 =P, py=P, g =0
Arr:={e:0< P <min(P Py . Pro)} p1=0 @ =P, p=0  @=P
Argq = {c: max(Pg g, P, ) < P < min(Py g, Prq.q)} —1P+l—i —lP—i+L =P =0
rdd -= 1€ dd Fgd = d,d> "rd,d p1= B 04 q1 = ) na p2=1r, q2 =
Agrd := {c: max(Pq g, P’ ) < P <min(Py g, Pgrq)} =P =0 1 P+1 ! 1 P 1+1
drd :={c: dd Py g < d.d> Pd.rd pi=P. q=0 p=3 S n) 273 P
Arrg = {c: max(Pg g, P’ ) < P <min(P, P, g} =0 =P —1P+l—i —lP—i+i
rrd -= . d,d> dd = d,d° r,rd pP1 =Y, q1 =, P2 = ) " A > q2 = ) }’2 dy
Argr = {c: max(Pyq, P, ) < P < min(P/, ., Py} —1P+i—i —lP—i+L =0 =P
rd,r -= 1€ dd Fyq s d,o " rdr P1=73 ) =3 n ) p2 =Y 9=
Argrd = {c: max(Py g, Py P, P, ) <P <P L P po L L ke{1,2}
rd,rd += . dd Fdd gq Tad = Frd,rd Pk = ) e dy s dk = > e dy , s
Strd = {c : max(Pr, Prrg) < P < min(Py g, Prg)} pr=0 @ =P. pp=P-qn q@=r"(/(1+Pr)-1)
Srd,r := {c: max(Pr, Prd,r) <P< min(Isrd,ra Pd,r)} p1=P—q, q1 = ”1_1 (y/(L+Pry) = 1), p2 =0, q@ =P
Srqd = {c: 7 € Rg1,max(Py g, Prg g, Pra.q) < P} p=P-(y-Dri, @ =(-Dr,  pp=P. =0
U{ec:7r e (R URy URs), max(Pr,d, Prd,d) <P< lsrd,d}
Syrd = {c: 7 € Rep,max(Py . Py g, Para) < P} =P, q1=0 pp=P-(y-Dr;",  g@=@-r!
U{c: T e (R URy URgy), max(Pyr, Py rg) < P < Py g}
Srd,rd = r1=P-q,
- _ 12
{c:7r e (Ry URy), max(Prq g, Pg rds Pra,r» Prrds Prard) < P} | q1 = ”1_1 (Y(Prl + rldl_l +1)/(Pry + rzdz_l + 1)) - "1_1,
Ufc:re RSlsmaX(ﬁd,rda |Srd,ra f)r,rd» Prara) < P < f)rd,d} p2=P-q,
- _ 1/2
U{c: 7 € Ry, max(Prg g, Prar, Prra, Prard) < P < Pyrad | g2 = ”2_1 (7(1372 + "2d2_1 +1)/(Pry + Vldl_l + 1)) - "2_1

For y < 1, the set of all (ry, 2, di, d, y, P)-tuples turn out to belong to a single LGR where the allocation
(r1, 91, P2, q2) = (P,0, P,0) is optimal for all P > 0. Since y < 1 implies op < oR from (22), any feasible
allocation results in R = Zp < XR, with Zp and Xg in (16)-(17). Since R = Xp only increases by increasing
p1 and p;, ¥p is maximized with p; = pp = P. Thus, P should always be entirely allocated to the direct
links.

For the case with y > 1, the set of ¢ := (ry, r, di, da, P)-tuples is partitioned into 14 LGRs, and thus

the optimal power allocation (referred to as OA) is more involved. In Table I, we define the 14 LGRs
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TABLE II: Definition of the threshold powers in LGRs.

Pog:=r' —d;l, P} 4:=-Pdd

If’d’d = r2_1 - d2_1, If’&d = —If’d,d,

Prg =@ -l P = (- Dry,

Prr = ol(1 +xr)(1 + xr2) = v,

Prag = @y - Dryt —d/, Para := 2y - Dry! —dy !,

Prrd = ol(1 + rady ' + xr))(1+ xry) = 2v], Prar := ol(1+ ridy ! + xr)(1 + xrp) = 2v1,

Prard := o[(1 + "ldl_l +xr)(1 + rzdz_l + xry) — 4y],

Prra = ol(1+rafdy + xr2)(1+ xr)? =y (L4 ri/dy +xr)) Prayi= ol(1+ r/dy + xr)(1+ xr2)? = y(1+ 2 /dy + xr)],
Prag = (y = 1 +yndy ' = rd")/(r) —yr2), Parg i= (v = 1 +yrid; ! = rady 1)/ (ry = yry).

and present the optimal powers for each LGR. Here, r := (r1, r2), and the threshold powers for the LGRs
are defined in Table II, with o[f(x)] denoting the positive root of polynomial f(x).

For LGRs A, y, x,y € {d,r,rd}, x and y denote the transmission status in the mm-wave links of sources
S| and S; respectively: for each source, d, r and rd denotes that the OA transmits in the direct link only, in
the relay link only and in both links, respectively. For example, in LGR Aq g the OA transmits in both links
of source Sy and only in the direct link of source S;. While LGRs S can be similarly interpreted, S )

and A are associated with two distinct properties of the OA discussed shortly. Moreover, the threshold

A

powers P ), |5(.’.), P, P/ | and |3(.’.) follow the same notation as the LGRs, with PE. )= —P¢.). Also,

) Pl
while P are used for LGRs S only, all other threshold powers are used for both type of LGRs A )
and S ).

Note that all LGRs in Table I are mutually exclusive in that, for a given tuple ¢ = (ry, 2, dy, da, P),
the condition for one and only one LGR holds. For example, suppose a tuple ¢ € Aq g, hence it satisfies
min(Pgyg, Isd’d) > P > 0. From Table II, since Péj,d = —Pqd, Iséjd = —If’d,d the condition (Pgg, Isd’d) >0
for Aqyq requires (Péi,d’ péi,d) <0, ie, Ay = Arg = Agy = Arrg = Argr = 0. Next, ¢ € Aygg as
condition Pyq < P for Aiqq violates condition Pyq > P for Aqyg; similarly ¢ ¢ Aqrqg and ¢ ¢ Argq-
Also, ¢ ¢ Syqq as condition Prgq < P for Syqq violates Pqq > P for Agq since Pygq < Prgq; similarly

c ¢ Sqrd. We can also show that ¢ ¢ Syrq, ¢ € Srqr and ¢ ¢ Syqrg via simple algebraic manipulations.

Similarly any other LGR-pair can be shown to be mutually exclusive.

B. Properties of the OA

We observe that the OA has two underlying properties. First, there exists a certain saturation threshold

Psat such that for power budget P < Pggt, the OA allocates powers as follows:
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o if P is sufficiently small (i.e., P satisfies the condition of one of A, ,, x,y € {d,r}), for each source
the OA transmits only in the strongest of the relay and direct links from that source.

« as P increases, for at least one source, the OA transmits in both the relay and direct links of that
source, and the OA thus transmits in 3 of the 4 mm-wave links. As P increases further, depending on
link gains, the OA may eventually transmit in the only remaining link as well. Thus, for P < Pggat,

all link powers are either zero, or increase piecewise linearly with P.

This property of the OA resembles the Waterfilling (WF) [32, Chap. 10.4] property for parallel AWGN
channels and thus is referred to as the WF-like property. All LGRs satisfying this property are denoted by
LGRs Ay, x,y € {d,r,rd}. Specifically, depending on the direct and relay link gains, the OA transmits
in one of the following sets of links: (i) DL; and D1, if d| > ri, d» > rp, (ii) RL; and RI1; if r; > d,
ry > dp, (iii) DLy and RL, if di > ry, rp > dy, and (iv) DI, and RL; if dy > rp, r; > d,. Clearly, the
corresponding LGRs are Aqq, Aryr, Agr and A g.

Since the marginal return from transmitting only in the strongest link of each source diminishes as
P increases, for sufficiently large P (that is below Pggt) the OA transmits in one additional link. For
example, consider a given (ry, 12, d1, da, P)-tuple such that for P < min(Pqyg, |5d,d), the OA transmits in
links DL; and DL, only as in Agg. Now, if Pgq < Isd’d holds, then for Pggq < P < min(lsd’d, Praq), the
OA transmits in relay link RL; for source S; as well following the allocation in LGR Ayg. Note that
through LGRs Aqqg and Aqq, the powers p; and gq; increase piecewise linearly with P, while pp = P
increasing linearly with P and ¢ = 0, as per the WF-like property.

Similar to Ayqq, LGRs Agyg, Arrg and Ay, follow the WE-like property as well. Specifically, the
intuition behind LGR Ay g follows by swapping the roles of the sources as in Ay g, Whereas the intuition
behind Ay q and Ay, follow from Ag,q and A,qq respectively by exchanging the roles of the relay and
direct links. Finally, in Aqyq the OA transmits in all 4 links as in WF,

While for P < Pgat, the OA follows the WF-like property, for P > Pgat, the OA limits the relay link
powers such that (1+r1g1)(1+r2q2) = v, i.e., the saturation condition, holds. Thus, as P increases beyond
Psat, g1 and ¢» can no longer both increase with P. However, the direct link powers p; = P — gy, increase
unbounded with P. This property is referred to as the saturation property and is clearly unlike WF. The
5 LGRs satisfying this property are denoted by S in Table I. Given a (r1, r2, d1, da, y)-tuple, saturation
first occurs in one of LGRs S ), called the saturation LGR, which is determined by how the resulting
threshold powers compare. In either case, Pggt is given by the lower bound on P in the respective LGR

S, in Table I, e.g., if the saturation LGR is Sy, then Pgat = max(Py, Pyyq).
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To understand saturation, suppose that for a given link gain tuple, saturation occurs in some LGR
S, for P larger than the corresponding Psat. Also, recall that the objective of the OA is to maximize
R = min{XR, Xp}. Note that at P = 0 the resulting allocation p; = g = 0 achieves £ = oRr and Xp = op,
and since y > 1 implies o < op from (22), at P =0 only R = £ < Zp is achieved.

As P increases, and consequently p; and gi increase following the WF-like property, g and Xp in
(16)-(17) increase differently. As P increases, the resulting increase in py increases g and Xp equally, and
hence R = £R < Xp is maintained and the sum-rate-gap AR := £p—XR > 0 is not affected by the increase
in pr. However, as P increases, the resulting increase in g increases only Xg, and thus AR decreases
gradually. Naturally, at some P = Pgat, g1 and ¢, are alloted enough power such that R = X = Xp,
i.e., AR = 0 or equivalently (1 + r;q)(1 + rpg2) = 7y is achieved. For all P > Pgat, g1 and ¢, are then
constrained to maintain R = ¥g = Zp, and the rest of the budget, i.e., px = P — g are alloted to the direct
links.

As earlier noted, for a given (r1, 12, d1, da, y)-tuple, saturation first occurs in one of 5 LGRs S ), and
in each case, the optimal powers vary differently. Specifically, in Sy 4, as P increases, g; = P increases
linearly with P, and thus p; = P —¢q; = 0. However, due to saturation, ¢, = (y/(1 + Pr;)—1)/r, decreases
non-linearly with P, and thus p, = P — g, increases non-linearly. The same trend is found in Sy, where
the role of the two sources are swapped as compared to Syrg. In Syqrg, as P increases, if 1 > rp (resp.
ry < r), q1 and g (resp. g» and g;) monotonically increase and decrease non-linearly with P, while both
p1 and p; increase non-linearly. Finally, in Syqq, as P increases, g; = yr—_ll and ¢» = 0 remain fixed, and
all additional increments of P are allotted entirely to the direct links, whereas in Sq,q, the same trend is
followed with roles of the sources swapped.

Moreover, for a given (ry, s, dy, dy,y)-tuple, while saturation first occurs in one of LGRs S, for
P > Pgat associated with that LGR, as P increases further, one or more other LGRs S ) may become
optimal where saturation continues to hold. Specifically, there exists a threshold Pg, > Pgat such that
for all P > Py, a specific LGR S ), denoted the final LGR, remain active. To be more precise, we
partition the relay link gains r := (rq,r;) into subsets Rg; := {r : r; = yn}, Ry :={r :yrn >r = n},
Ry :=A{r :yri > rp, > r}, and Rsp := {r : r, > yr}. Intuitively, in Ryy, relay link RL, is significantly
stronger than RL; (i.e., r» > 7yry) while in Ry, it is only stronger (i.e., r, > ry) but not significantly
stronger (i.e., r» < vyry). The intuitions for Rg; and R; follow similarly. We observe that for a given

(r1, 2, dy, do, y)-tuple, if

o T € Ry or Ry: Pri :max(lsrd,d, ISd,rd, ISrd,r, |5r,rd, Prdra), and the final LGR is Syqqg.
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e 7 € Rs1: Pin = max(Pyr g, Prgg, Isrd,d), and the final LGR is Syqg.
e 7€ Rt Pin = max(Pqy, Py rgs |3d,rd), and the final LGR is Sqqg.

Naturally, for some link gain tuples, the saturation and the final LGRs are the same; thus Pgj, = Pggat.

VI. EVOLUTION OF LINK GAIN REGIMES WITH THE POWER BUDGET

In Table I, the LGRs are defined as partitions of the set of the power budget P. Since the threshold
powers in Table II are functions of link gains, for a given (ry,r, dy, d>,y)-tuple and P, it is easy to
determine which LGR is active (i.e., according to which LGR, the OA allocates the link powers). It is
evident that, as P increases, the active LGR changes as well, and thus the OA follows a set of active
LGRs, called a LGR-path, which reveals useful insights on the optimal power allocation.

Given a link gain tuple, the saturation can occur in one of Sy g, Srdr. Srd.rd> Srd.d and Sq g, Which leads
to a vast number of LGR-paths and makes it difficult to interpret interesting insights. To simplify the
exposition, we now assume the direct links to be symmetric, i.e., d := d; = d,. Although this causes some
loss of generality, the resulting paths are simplified. For example, under this assumption, for r € R,
LGRs Arg = Ardd = Arrd = Srrd = Srdd = Sdrd = 0, and saturation can occur in either Syqy or Syq g
only. Nonetheless, the paths for the case with d; # d> can be similarly derived.

In this section, we discuss the paths for » € R, and r € Rg, only, as the paths for » € Ry and r € R
can be derived from those of » € R, and r € Ry, by exchanging the roles of relay links RL, and RL;

as well as direct links DI, and DLj.

A. Case r € Ry

In this case, we have 7 LGR-paths denoted [S1], .. .,[S7] and presented in Table III with their underlying
conditions, and the interval of P for each LGR in the path.

Initial LGR: While [S1], [S2], [S3] originate from the initial LGR Ay, [S4] originates from Aqq, and
[S5],[S6], [S7] from Ag,. The initial LGRs vary based on how d compares to r; and r,. For example, if
d>rn>rn < 0< |5d,d < Pggq (i.e., each DLy is stronger than RL;), following the WEF-like property,
the OA transmits only in the direct links as in LGR Agg. On the other hand, if » > r) >d & 0<

Plg < Isa g4 (i.e., each RLy is stronger than DLy), following the WF-like property, the OA transmits only

’

in the relay links as in Ary. Furthermore, depending on how P ,

one of the paths [S1],[S2],[S3], as in Table III.

Isa d and Py, compare, the OA follows

Similarly, for the case of r, > d > r; &= (Pqg, Isa d) > 0, the OA transmits in the two stronger links

A

RL, and DL; as in Agy. Also, based on how Pygq, Py, and Py compare, one of paths [S5], [S6], [S7]
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TABLE III: LGR paths for r € R,. Table II provides the threshold powers in terms of link gains and . Each path originates

from one of three initial LGRS Ay, Agg or Aq,r, and they terminate at the final LGR Syqrqg.

LGR path Condition Interval of P in the respective LGRs in the path
[$1]: Arr = Argr = Ardrd = Srard 0< P(’j’d < 'f)éd < Prr (0, P(,i,d) , [P::Ld’ If’(’jd) > [p(,j,d’ Prara) > [Prd,rd: o)
[$2] - Arr = Argr = Srdr = Srd,rd 0< P(’j’d <Prr< 'f)éd ) P(,i,d) ) [Pé’d» Prar) . [Prar. |Srd,r) , [|3rd,r» o)
[$3] : Arr = Srar = Srd,rd 0<Prr< P&,d < If’&d [0.Prr), [Prr ﬁ’rd,r), [Isrd,r, )

[S4]: Agg — Adrd = Ardrd = Srdrd 0 < Pag <Pggd [0.Pgq) [Pag Paa)s [Pa.dPrdrd)s [Prara )
[S5]: Agr — Ardr = Ardrd = Srdird 0<Pdg<Piy<Par [0.Paa). [Paa Py [P) g Prara) s [Prard: )
[S6] : Ag,r — Arg,r — Srdr — Srd,rd 0<Pgyg<Prqr< If’&d [0,Pa.a)» [Pa,d:Prar)» [Pra,r Isrd,r)’ [Iard,r’ 00)
[S7]: Agr = Adrd = Ard,rd = Srd,rd 0<P}y<Pgg [0.P34)+ [P} g Pda) . [Pad Prara) [Pr.rds )

is followed. Nevertheless, the conditions in Table III are indeed mutually exclusive and exhaustive for
r € R>.

Saturation cases: In this case, saturation first occurs in either LGR Syqrq or LGR Sy as follows.

Saturation occurs in Syqrq if the condition of one of the paths [S1],[S4],[S5] or [S7] is met. Here,
Psat = Prdrg, and for all P > Pyq,q4, as P increases, g increases and g; decreases and approach constants
qr — qx = W — rk‘1 > 0, as P — oo. Intuitively, since in Syqyq, (1 +r191)(1 + r2g2) = ¥ must hold,
as P increases, g1 and g, both cannot increase. Since RL, is stronger than RL, as P increases, the OA
achieves the best rate by increasing ¢, and decreasing q;. However, since RL; is not significantly stronger
than RL;, the OA should transmit in both relay links for all P > Pyqrg. Thus, g; and ¢» both remain
non-zero and approach constant levels as P — co.

On the other hand, saturation first occurs in LGR Syq if the condition of one of the paths [S2], [S3] or
[S6] holds. Here, Psat = max(Pyqy, Prr), and Syq; is active for only max(Pqy, Pry) < P < |3rd,r- In Sy,
for source S;, the OA allocates (p2, g2) = (0, P). It shows that RL; is significantly stronger than DL, in

the sense that transmitting only in RLj, as opposed to both in RL; and DI, provides the best rate. For

source Si, the OA allocates (p1,q1) = (P — g1, %(1 Jgrz —1)). This indicates that neither of RL; and D1,
is significantly stronger than the other in that transmitting in both links results in the best rate. Clearly,

Y
1+Pl‘2

as P increases, g = P increases and g = %( — 1) decreases, and hence the OA follows the same
trend as in Syqrg-

Final LGR: For P > Ps, = max(Pyqq, Isrd,r), all paths terminate at the final LGR Sqq.
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LGR-paths: We discuss path [S2] in detail and use the obtained insights to interpret the other paths.
Note that path [$2] is followed if 0 < P}, < Py < Isa 4> Which can be interpreted as follows:

(i) Since RLy is stronger than DIy, ie., 0 < Péj,d < Iséj,d’ for P € [0, Pa,d)’ the OA allocates P entirely
to RL; and RLj as in Arr (WF). Thus, g1 = g2 = P increase with P, while p; = p, = 0.

(i) As P increases, the return from transmitting only in the relay links decreases. Here, D1 is stronger
than RL; in that 0 < P/, . < P,,. Hence, for P € [P, , Pyq,), the OA achieves the best rate by transmitting

dd — d,d
in both DL; and RL; as in LGR Ay, as opposed to only in RL;. Hence, for P € [P/, ,Prq,), the OA

dd
allocates power as in A,qy where pi,q; and ¢» increase with P, and py = 0.

(iii) On the other hand, here DL, is weak enough compared to RL; in the sense of 0 < Py, < péjd
Hence, for P € [Py, Isrd,r), the best rate is achieved by transmitting only in RI,, as opposed to sharing
P with DL,. Meanwhile, saturation occurs at P = Pggt = Prgy and LGR Syg, becomes active. Then, for
P € [Py, Isrd,r), p1 and g increase with P, while g; decreases and p, is py = 0.

(iv) Finally, for P > F)rd,r, LGR Syqrg becomes active.

Path [S1] is similar to [S2] except that DL, is now strong enough compared to RL; in the sense of
0< lséi,d < Py, which is opposite to that in [S2]. Hence, instead of transmitting only in RL, as in [S2],
the OA now achieves the best rate by transmitting in both DI, and RL; as in LGR Aq,q. Finally, as P
increases, saturation occurs in LGR Sq g, which remains active for P > Pggt = Prgrg.

Path [$3] is similar to [S2] except that both direct links are weaker than the relay links in that Py, <
Pél,d < Isa’d. Hence, as P increases, instead of transmitting in DL as in [$2], the best rate is achieved by
transmitting only in the relay links. Thus, Ay, is skipped as compared to [S2]. As P increases further,
saturation occurs in Syqy at P = Pggt = Py, and for P > IsmLr LGR Syq,q is active.

Path [S4] is complementary to [S2] in that each DL is now stronger than RLy, i.e., 0 < |5d,d < Pgg.
Here, the OA follows Aqq, Agrd, and Arqrg according to the WE-like property, and then follows Syq g
according to the saturation property as in Table III, and thus the details are omitted.

Finally, for the case of r, > d > r;, where DL is stronger than RL; and DL, is weaker than RL,, the
OA follows [S5],[S6] and [S7] similarly to [S1], [S2] and [S4] respectively. For P € [0, min(Pqyg, lséi,d))’
the OA transmits only in DL; and RL; as in LGR Ay, and then transmits in another link following Ay g
or Arqr. Then, for large enough P, depending on whichever achieves the best rate, either Syq, (saturation)

or Arqrg (WF fashion) becomes active as in path [S6] or [S5], [S7]. Eventually, for large enough P, Syqrg

is active. The details are omitted to avoid repetition.
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TABLE IV: LGR paths for € Rs». Table II provides the threshold powers in terms of link gains and y. Each path originates

from one of three different LGRs Ay, Ag g or Aqy, and they terminate at the final LGR Sy rg.

LGR path Condition Interval of P in each LGR respectively
(T3] : Arr = Srar = Srd,rd = Sd,rd 0<Prr<Piy=< pé’d’ Pra.r < Py [0, Pr.r), [Prr, Pra.r)s [Prrs Para): [Patrah 00)
[N1]: Arr — Syayr — Sdrd 0<Prr<Piy< FA’é,da Prar > Par [0, Prr), [Pr.rs Par), [Py 20)

[T4] : Agq — Adrd = Ardyrd =
Srd,rd — Sd,rd

[N2] : Ag g — Adrd — Sd,rd

0< pd,d < Pd,d < Pd,rd

0< pd,d < Pd,rd < Pd,d

[0.Pg.a). [Pd.g:Pda) [Pad Prara):
[Praras Para) [Porah )
[0.Pg.a). [Pa.d:Pdra) [Pord )

[T5]: Adr = Argr = Ardyrd —
Srd,rd = Sdrd

[T6] : Agr — Argr — Srd,r -
Srd,rd = Sd,rd

[T7] : Agr = Adrd = HArdrd —
Srdrd = Sd.rd

[N3]: Agr = Argr — Srd,r - Sd,rd

[N4] : Agr — Adrd = Sd,rd

[N5]: Agr — Sq,rd

0<Pyq<Prqr< ﬁ’éd < Pgy, or
0<Pyq< |3rd,r < Pgr < 'S&d
0< P&’d < Pgq < Pgy, or
0<P} <Pgr<Pyq<Pym
0<Pyq<Pqyr<Pyr< P(’:i,d
0< If’&’d <Pgr <Pgyrg < Pyd

0<Pg,< min(lf’é’d, Pa.a)

[0.Pg.a). [Pa.a P ). [P g Prara):

[Pra,reb Pa,ra)s [Petra )

[0,Pga). [Pa.g:Pra.r) [Prar Prar)

[Pra.r- Para): [Peirgs )

[0.P} 4. [P} o Pda): [Pd.a Prara)

[Pra,rab Para)» [Petrah )

[0.Pg.d) [Pg.d Pra,r) [Prar Par), [Par. )
[0.P} 4. [P} ¢ Para): [Patrs o)

[0,Pg,r), [Py, )

B. Case r € Rg»

In this case, we have 10 paths, denoted [T3],.. .,

[T7] and [N1],...,[N5] and given in Table IV. Paths

[T3],...,[T7] are the counterparts of paths [S3],...,[S7] in Table III with Sy,q appended as the final
LGR, and thus are denoted in this manner. Also, paths [S1] and [S2] do not have any counterparts here,
and thus [T'1] and [T2] are not defined. Moreover, paths [N1],...,[N5] are valid exclusively for r € Ry».

Initial LGR: While [T3] and [N1] originate from the initial LGR A, [T4] and [N2] originate from
LGR Agg, and [T5],...[N5] originate from LGR Ag,. The initial LGRs vary depending on how d
compares to r| and r, as in the case of r € R;, hence is not repeated here.

Saturation cases: Saturation first occurs in one of LGRs Syqrd, Sdrg and Syq;.

Saturation first occurs in Syqrq if the condition of one of the paths [T4], [T5] or [T7] is met. Here,
Psat = max(lsrd’r, Prdra)- Unlike in case » € Ry, LGR Syqrq is now active only for the finite range
max(F’rd,r, Prard) < P < |3d,rd- Intuitively, RL, is now significantly stronger than RL; (i.e., rp > yry),
hence transmitting in both relay links as in Syqrg is optimal only for this finite range.

Saturation first occurs in Syq; if the condition of one of the paths [73],[N1], [T6] or [N3] hold. Here,
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Psat = max(Pqy, Prr), and Syq, is active for the range max(Pqy, Pry) < P < min(lsrd,r, Par)-

Finally, saturation first occurs in Sqyq when the condition of one of the paths [N2],[N4] or [N5]
hold. Here, for all P > Psat = max(Pgy, Pyrq, Isd’rd), LGR Sy is active. In Sqrq, as P increases,
q>» = (y—=1)/r, > 0 and ¢g; = 0 are fixed, and all additional increments of P are allotted to the direct links
only. Intuitively, since RI1 is significantly stronger than RLj, for all P > Pgg;, the best rate is achieved
by transmitting only in RLo.

Final LGR: For P > Py, = max(lsd,rd, Pdrd, Payr), all paths terminate at the final LGR Sqq.

LGR-paths: Since paths [T3],...,[T7] can be interpreted similarly to paths [S3],...,[S7], they are not
detailed here. Hence, we only discuss paths [N1],...,[N5] briefly.

Path [N1] is similar to [73] with Sq,q skipped. Compared to [T3], here RL; is sufficiently stronger
than RL; in that Py, < |3rd,r- Hence, and for P > Py, the best rate is achieved by transmitting only in
RL, as in Sqyq as compared to transmitting in both RL; and RL; as in Syqrq. Hence, Syqrq is skipped.

Path [N2] is similar to [T4] with Arqrq and Syqrq skipped. The conditions for [N2] simplifies to
ry > ri(2y — 1). It shows that R, is so much stronger than RL; that, for all P > 0, the best rate is
achieved by transmitting solely in RL, and not transmitting in RL; at all. Thus, compared to [74] where
non-zero power is allocated to RL; in LGRs Aqrq and Syqrq, these LGRs are skipped here.

Likewise, [N3] is similar to [T6] with Sq,q skipped, [N4] to [T7] with Arqrg and Syqrg skipped,
and [NS5] to [N4] with Aq,q skipped. The conditions for these paths can be interpreted as RL, being
sufficiently stronger than RL; in a sense similar to paths [N1] and [N2], so that for large enough P the

OA skips LGRs that allocate non-zero power to RL; (e.g., Srdrd> Ardrd OF Adrd)-

Numerical Examples: We now illustrate examples of paths [S5] and [T'5] in Fig. 3a and Fig. 3b
respectively by plotting the optimal link powers against budget P for parameters (ri,72,d,y) as noted
in the respective figures. In each example, the analytical expression of powers (marker-line) indeed match
their numerically computed counterparts (solid line) using CVX [35]. We also verify that the OA follows
the respective paths by labeling the active LGRs in the relevant intervals.

In Fig. 3a, we verify path [S5] where Psat = Pjin = Prggr = 0.62. Here, LGR Ay, is first active for
0 < P < Pygq, where p; = g» = P, while ¢g; = p» = 0. Then, for Pgg < P < If’d,d, LGR Aqr becomes
active where, in addition to p; and ¢, g increases with P as well. As P increases, for ﬁ)a,d < P < Pgat,
LGR Ayq,q is active where all 4 powers increase with P. Finally, for P > Pggt, saturation occurs in Syq g
where ¢, increases and g; decreases towards limits g, = 0.67 and g; = 0.02 (not shown in Fig. 3a), while

p1, p2 grow unbounded with P.
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(a) Path [S5] with (r{,r,d,y) = (1,2.9,1.3,3). (b) Path [T5] with (r{,rp,d,y) = (1,4,1.52,3).

Fig. 3: (a) Path [S5]: for P < Pga = 0.62, all link powers follow the WF-like property. At P = Pgg, saturation occurs in
LGR Sy4g and it remains active for all P > Pgat. (b) Path [T'5]: saturation first occurs at P = Pggt = 0.49 and LGR Syq g

becomes active. Then, for P > Pyp = 1.34, LGR Sy,q is active where ¢» = 0.5 and ¢; = 0 remain fixed.

We similarly verify [7'5] in Fig. 3b and omit the details since in [75], the first 4 LGRs are the same as
those of [S5] in Fig. 3a. Nevertheless, for [T5] while saturation occurs at Psat = Prgrg = 0.49 in Syqrq,
unlike in [S5], the final LGR is Sqrq where g2 = 0.5,q; = 0 are fixed for all P > Py, = 1.34.

C. Special Cases and Further Insights

1) Symmetric case: For the symmetric case with d = d; = d, and r = r| = r, the symmetric power
allocation (p, g, p, g) is sum-rate optimal. Here, the OA follows one of the 3 LGR-paths:

(i) if d > r (i.e., direct links are stronger than relay links): for P € [0, % - 5), the OA transmits only in

. . . 1/2_ .. . .
the direct links as in Aqg, then for P € [% g Sl %) the OA transmits in all 4 links as in Arq g,

29121 1 . . y2-1 .
=f— — -, saturation occurs in Syqrq Where g = *—— is fixed.

and finally for P >
(i) if d < r < dy'/? (i.e., relay links are stronger but not significantly stronger): as opposed to Ad.d

above, now Ay, is active for P € [0, % - %), and then Aqrq and Syqrg become active as above.
1/2_1
Y

(iii) if » > dy'/? (relay links are significantly stronger): for P € [0, ) the OA transmits only in

r

71/2_1
r

relay links as in Ay, until they saturate, and then for P > Srdrd becomes active.

2) Large mm-wave bandwidth: In this regime (i.e., @ — o), ¥ — (1 + GrpPR)?>, hence the saturation
threshold is now a function of the mm-wave parameters only. We now examine how the optimal power
allocation simplifies in two extreme scenarios. If GRpPR > 1 (i.e., ¥ > 1), saturation occurs for very
large values of the power budget P. Hence, for practical finite P, when P > max(Pqg, Péi,d’ |5d,d, Iséi,d)’

transmitting in all 4 links as in LGR Ay g based on the WF-like property is optimal.
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y position

X position

Fig. 4: For the 2-D network topology of the DR-MARC of Section VI-C3, the source locations are at coordinates (x, £y).
The set of source locations depicted here are partitioned into several regions, and for each regions the optimal transmission

mode for the mm-wave links are labeled.

Alternatively, if GRpPRr < 1 (i.e., ¥ ~ 1), saturation occurs for small values of P. Since allocating only
a small proportion of P to the relay links achieves saturation, as P increases the remaining power (i.e.,
almost all of P) is allotted to the direct links, resulting in an allocation similar to Aqyq.

3) Optimum power allocation in a 2-D topology: We now illustrate how the mode of optimal link
powers varies as the source locations vary according to the 2-D topology of Fig. 1b, where R and D are
located on the x-axis at (0, 0) and (0, drp), while the sources are located at (—dgR cos ¢, +dgR sin ¢) with ¢
being the angle between the sources and the relay. Due to symmetric source placement, the resulting link
gains are symmetric, i.e., d = d| = d» and r = r; = r;, which simplifies the power allocation. Moreover,
like the numerical section in Section IV, we assume that both bands are under phase fading. Thus, the
channel gains from node s to ¢ in the microwave band are Gy, = 1/ dft‘ and the mm-wave relay and direct
link gains are r = 1/ dng and d =1/ dgzD.

For illustration, we take the following parameters Py = 10,k € {1,2,R},PR=1, 81 =25 =4, a = 2,
while the power budget is P = 10. We then plot the source locations in Fig. 4 by varying ¢ € (0, )
and dgr € (0,4) for fixed dgp = 1 unit, and partition this space based on which mode of mm-wave
transmission is optimal. First, in region Lq, sources are much closer to the relay than the destination in
that o > op (i.e., y < 1), with oRr, op and y defined in (16), (17) and (22). Therefore, for sources
located in Ly, it is optimal to transmit only in the direct links for all P > 0.

All regions except Ly, correspond to the case of vy > 1, and depending on the budget P and source
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Fig. 5: Optimum transmit powers versus power budget P for problems [£1] and [P2].

locations (i.e., the resulting direct and relay links gains), the optimal transmission mode in different regions
vary. For example, the sources in the region labeled A, are not as close to the relay as in L but are
sufficiently close to the relay such that 0 < P < dgzD - dng holds. Hence, for these source locations,
allocating the budget P entirely to the relay links is optimal. On the other hand, the sources in the region
labeled Aqq are sufficiently close to the destination in that 0 < P < dng - dgr‘b holds. Hence, it is
optimal to allocate the budget P entirely to the direct links. As opposed to these two regions, the sources
in the region labeled Aqrq are at an intermediate distance from the relay and the destination in that
P < (2y'/2 - l)dng - dgzD holds. Here, transmitting in all 4 links as in Aqy,q is optimal. Finally, sources
in the region Syqq are such that P > (2)/1/ 2 _ l)dg";q - dg"b hold. Here, saturation occurs, and allocating
power as in Syqrq is optimal. Clearly, for fixed (dsg, dsp,y), as P increases, the region Syqrg grows.

4) A joint optimum sum-rate problem over the integrated microwave and mm-wave dual-bands: As
opposed to [ 1] where the microwave link powers are fixed, it may also be interesting to study the optimum
sum-rate problem when the total transmission power is to be shared by all mm-wave and microwave links
to see whether the transmission powers have the same structure as in [£1]. Nevertheless, sharing the power
budgets for the microwave band and the mm-wave band may not be viable from practical and regulatory
perspectives. Regulatory guidelines typically designate specific transmit power limits for each frequency
band, and a transmit power scheme resulting from such a joint optimization may fail to comply with these
limits. Moreover, the radio frequency chain of each frequency band is typically deployed separately and
driven by dedicated power amplifiers, each with its own maximum power limit. A brief numerical study

is presented below which demonstrates that the structure found in [#1] is not present when the problem



26

is formulated with a sum-power constraint over mm-wave link and microwave link powers.

For a given total power budget P, the problem of jointly optimizing the sum-rate is formulated as

[P2] maximize R

subject to R < XR, (23)
R < Xp, 24)
Y pk+qr+ X Pi+Pr=P, (25)
ke(12}) ke{12.R}
(P1, 91, P2, 42, PR, P1, P2, PR, R) > 0. (26)

where g and Xp are defines in (16) and (17) respectively. Problem [#2] turns out to be a convex problem
[34], and hence we are able to solve it numerically using the CVX package [35].

To understand the general behavior of the optimal powers of [£2], we numerically solve [£2] for a
simplified setting where both bands are subject to phase fading, the mm-wave parameters are taken to be
di=d, =157 =r,=1Ggrp =1 and a = 2, and the microwave band parameters are G;p = G,p =
Gir = Gor = Grp = 1. For reference, we also solve [£1] for the same setting as that for [£2], with the
fixed transmission powers P; = P, = PR = Pg = 1.

The resulting optimal powers for [£1] and [P2] are plotted against the power budget 0 < P < 5
in Fig. 5a and Fig. 5b respectively. As expected, the transmit powers for [£1] follow the Waterfilling
(WF) property for P < 1.3, and for P > 1.3 the relay link powers are saturated to a constant value
q1 = q» =~ 0.52. In contrast, the transmit powers for [£2], depicted in Fig. 5b, follow only the WF
property: for P < 2.6, the entire budget is shared between the direct links only, whereas for P > 2.6
power is allocated to all other mm-wave links and the microwave links from both sources. Notably, unlike
in [P1], the relay link powers in [P2] are not saturated. Moreover, solving [£2] for a larger range of
0 < P < 100 shows that none of the link transmit powers saturate. This indicates that the optimum power

allocation in [#2] does not follow the saturation property in general.

VII. CONCLUSION

We considered the fading MARC over dual microwave and mm-wave bands where the mm-wave links
to the relay and the destination are modeled as non-interfering AWGN links. We showed that the capacity
of the DR-MARC can be decomposed into the capacity of the underlying R-MARC and the two mm-wave
direct links, hence the direct links can be operated independently of the R-MARC without compromising

optimal rates. Then, we characterized an achievable region for the R-MARC. Focusing on R-MARCs



27

with underlying far c-MARC, sufficient conditions were found under which the aforementioned achievable
scheme is capacity achieving. This shows that even if the sources are not near in the underlying c-MARC
in the microwave band, for sufficiently strong source-relay mm-wave links, they become jointly near over
both bands such that capacity is achieved.

Next, the optimal power allocation over the phase faded mm-wave links was found that maximizes the
achievable sum-rate. The resulting scheme allocates power in different modes depending on the power
budget P and the link gains (i.e., active LGR), and all such modes were characterized. When the budget
P is sufficiently small, it is entirely allocated only to the strongest of the relay and direct links, and
as P increases but remains below the saturation threshold, power is allocated to other links as in WF
solution. However, for P above the saturation threshold, if one relay link is stronger but not significantly
stronger than the other, power in the two links respectively increases and decreases with P and approach
non-zero levels as P — oco. Otherwise, power in the significantly stronger relay link is fixed at a constant
while that in the other is zero. Moreover, for large mm-wave bandwidth, the saturation threshold depends
only on mm-wave parameters, and in addition, if the received power at the destination from the relay
via the mm-wave band is large, the saturation threshold becomes large, and therefore allocating powers
as in WF is optimal for all practical values of P. These results illustrate the impact of high bandwidth
point-to-point mm-wave links on the performance of the dual-band MARC, and can be useful in practical

resource allocation in dual-band uplink scenarios.

APPENDIX A

PROOF OF THEOREM 1

Outer Bounds: Assume that source Sy transmits My, k € {1,2}. Since the destination knows (H”", H E’)l)

where Hp; := {H,pi}me{12R}1 = 1,...,n, Hp, := {HmD’g}me{Lz’R}, ¢ =1,...,ny, from Fano’s inequality

ony ovn. on on r i
< I(X7, X7 X7 Y0, YR, YD, Hp, HY')

(a) Ao o _

< 10X, X0 X YL I, HY)

(b) A — — ni ~1/2  :d — — — — —

< I(X7, X" Y5, Yap | Hp, Hp) + El h(Gi/Dje]@lD’[Xl,t’ +Z1p¢|G1p,6» O10,¢) — h(Zipye)

(o) N _ _ n -
< 106 X743, Tap L Hp, Aig) + 3, Ellog(1 + GipPy,)

(d) N - - - -
< I(XY, X5 Yp, Yap [ Hp, Hep) + mE[C(GipPy)] 27)
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where (a) follows since (X7, )A(I”,)_(I’ oL (H ",I_{SI); (b) follows by first expanding (a) into 4 I(.;.)
terms using chain rule where two I(.;.) terms turn out to be zero due to Markov chains (MC) )_(f I—
(X )A(I”, H}, I-_I;‘D) — (Y2, YFr{lll:))’ and (X", )A({”, H}, FI;ID, Y5, YFV;IID) — (X}, I:II‘E)) — YI"E‘); the last two terms
follow from the Gaussian model and applying chain rule and unconditioning to one of the remaining
I(.) terms; (c) follows from maximizing the first h(.) term in (b) by using X;, ~ CN(0, P;) where
n—llZZ‘ZIPLg < Py and expectations are over (:)1D’[ ~U[0,2r) iid., GlD’[ i.i.d.; (d) follows by applying the

Jensen’s inequality. Bounding R, similarly, the following bounds
1 A — — ni - —
Re < =I(X, X" YS, V2L | HE, HEL) + —E[C(Grp Py,
k n ( k1D RDl RD) n [C(GrpPr)]

are found for k € {1,2}, where expectations are over G;p. Taking n — oo such that n;/n — « and €, — 0,

then gives the bounds in Theorem 1, for some empirical probability mass function (pmf) distributed as

2 . _ n n . i (i—1 1 sniie1
l_lk=1 Pl le, le) l—[i=1 PORG YDIIXLi> X2 ¥R l—[i=1 pRilyg h {yZIIR(l )’ hZRl’ h’l:;q(l )}i:1)

e I-1) (- 1-1) 7i- _ -

o PERAYRT TR g B Y P (FRo.l R )

ni - — - — - A - A
[ 1o PODeXLOP(oD | ¥2.0P (1R | £1.)P (TR | R2.0). (28)

Achievability: We pick integers (n, n1) and a distribution that factors as (28), and then code over ¢ blocks
of symbols together. Define Uy := (X", )A(Z‘) and Uy := X" where U; L U,, and Uy = X' ~ CN(0, Py)
iid., k = 1,2. To encode M; € M;, we generate 2% ii.d. sequences u?{(Mk) and ﬁ?{(Mk), distributed
according to p(u}) = TTi_; plur;) = i, p x;c’,z(i—l)nﬂ’)22,1(11'—1)m+1) and p(i,) = [Tj_, p(ixi), k = 1,2. To
communicate My, we transmit u; (M) and i} (My) through the underlying RL-MARC and the S;-D direct
links respectively. The relay assists each (n,n;) block of symbols, by producing codewords according to
the relay-distribution in (28), and forwarding them. The destination then decodes M} from the received
signals, (Y, Ysg, 17]:‘5’), using the CSI (H”", H, S‘). Applying standard random coding techniques as in [32,
Ch. 8.7], the achievable rates are found to satisfy

1 on Sn 5 ni = 5
R < ICXE, §03 Y8, Ta | FIB, Hip) + “B(C(Gio Py, (29)

for k € {1,2}. Finally, an achievable rate pair on the RL-MARC is given by the first term in (29), and
its capacity Cgy(a) is the closure of the union of sets of all achievable rate pairs where the union is over

all (n,n1) and pmfs factoring as (28) with y;p, = Xxr =0,k = 1,2.
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APPENDIX B

PROOF OF THEOREM 2

The achievable region is obtained by performing block Markov encoding over B + 1 blocks with i.i.d.
CSCG codewords and backward decoding at destination as follows (see [24], [29] for details).

Encoding: Encoding for block b € {1, ..., B+1} proceeds as follows: (i) the block lengths (n, n;), and the
input distributions p,,(x), p,(¥) and pi(X),m € {1,2, R}, k € {1,2} are chosen; (ii) the message My, € My
from S;, is encoded into codewords xZ(Mk,b) and ﬁZ‘(Mk,b), generated according to []%; px(xki(Myp)) and
H’;‘zl Di(Rre(Myp)), k € {1,2}, and transmitted; (iii) assuming that the relay estimated (M p—1, M2 p—1)
in block b — 1 correctly, they are encoded into codewords xg(Mu,_l, My p—1) and )Zgl (M1 p—1, M2 p-1),
generated according to [], pr(xR;(M1,p-1, M2p-1)) and H?lzl PR(ZR (M1 p-1, M2 p—1)), and transmitted.
The messages My o and My g+ are known at the destination, k € {1,2} as in [24], [29].

Decoding at the Relay: Assume that the message pair (M -1, M»,-1) was correctly decoded in block
b — 1. The relay then uses the side information xg(Ml,b_l,Mz,b_l) and )E;‘ (M1 p—1, M5 —1) and the CSI
at block b, i.e., {H](b), H]':l‘:{(b)}izl, and estimates (M), M) from the signals received in block b as
in [32, Ch. 14.3.1]. Such decoding yields certain rate constraints on R;, R, and R; + R, which are then
maximized by using i.i.d. CSCG codewords X,, ~ CN(O, P,,), Xx ~ CN(0, Py),m € {1,2,3},k € {1,2}.
Finally, the achievable rates are obtained by averaging the resulting rate constraints over i.i.d. squared-
magnitudes of fading coefficients Gy and G,R (since rate constraints are independent of the phases), as
given in (5)-(7).

Decoding at the Destination (Backward decoding): Assuming that (M p+1, M2 p+1) were decoded cor-
rectly in block b + 1, the decoder estimates (M p, M> ;) from the signals received in blocks b and b + 1
as in [32, Ch. 14.3.1] by using the side information xZ(Mk,bH) and )EZI(Mk,bH),k € {1,2}, and CSI in
blocks b and b+ 1, ({H 5(£), Flgb(f)}?:g, m € {1,2,R}). The resulting rate constraints are maximized by
the same i.i.d. CSCG codewords as for the relay, and achievable rates are obtained by taking expectation

over Gyp and GRp, as given by (8)-(10).

APPENDIX C

PROOF OF THEOREM 3

For notational convenience, define U C {1,2} and U := {1,2} \ U such that X¢; := {X;, k € U}.

We derive the outer-bounds by applying the cut-set bounding technique (see [32, Ch. 14.10] for details).
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Assume that source Sy transmits the message My, k € {1,2}. Since the destination knows H, E’) and I-_I;‘D

where Hp; := {H,pi}mef12R}-1 = L, ..., n, by Fano’s inequality,

2key "Ry — ne,

@ _ )
< W(Mqg ¥, V2L, HE, AP My
© WM YLD, AL, Mage)+1(Mag; V2L Y2, HE, B2 My

Mage, Xy ) = h(Yp, Y, Hp, HE:

RD’ M'L[’ M'L[C’ X’Ll,i, X(L{"‘,i’ XR,i)

() n ; _
< 3 (v, ¥ Hp, A,
1=

ny _ _ _ _ _ . )
+ X h(fRoy \PLL vn, HE AR Mye) — h(Vap | PAcL Y2, HE, AR, Myge, My, Xry)
@ < 12 i0up, 2 iOnn
- .21 h(kzw Gk/D e/ ORI X ; + G;/DejGRD”XR,i + Zp,il{Gmp.i» Omp,i}, m € {1,2,R}) — h(Zp,)
1= €

ny -1/2 :@ — — — — —
+ Zl h(GR/D e/®R01 Xp | + Zrp,|GRo. ORD) — W(ZRD,)

l:
(e n 1/2 41/2 i(®x0—OrD) *
< '21 E[log (1 + GrpPR; + kz«u(GkDPk’i +2G, 5 GgpRe{e/Pr7ERD E[Xk,,-XRJ.]}))]
1= €

ny — —

+ 121 E[log(1 + GroPry)]

(f) n n -

< '21 Ellog(1 + kZﬂ GipPri + GRoPR,)] + 121 Ellog(1 + GroPry)]
i= e _

(g) _ _
< nE[log(1l + Y tcqs GkpPp + GrpPr)] + n1E[log(1 + GrpPR)] (30)

where (a) follows since including Mq; does not reduce information; (b) follows by applying chain rule

and noting that I(Mq; H, Hep, Myge) = 0 due to My 1L (H}, Hy;

RD’ RD’ Maqyc); (c) follows from chain rule and

the fact that conditioning with Xq;;(Mqs) and Xqc ;(Mqc) (deterministic functions of Mq; and Mq) do
not alter entropy, while conditioning the negative h(.) terms with Xgr; and Xr; does not decrease entropy;
(d) follows from (c) by first unconditioning, next applying the MCs due to the memoryless system model,
(4us HS\", HEL, Mg, Mage) — (Xagi Xye i Xpi» Hp,i) — Yo, and (YA, v3, HE, ﬁgb\l, Ma, Myze) — (Xr1, Hrp,1)) — Yroy
, where a vector F™V := {F;}7,\ F;, and finally using the fading Gaussian model; (e) follows by maximizing
the first h(.) term of (d) by using Xi; ~ CN(0, Py;) [24], with Py; := E[|Xx,|*], k € {1,2}, and E[Xk,,-X;J.]
being the cross-correlation between Xy ; and Xr; where the expectation are over column i of the codebook,
and Re(.) denotes the real part; the third h(.) term in (d) is similarly maximized by Xi; ~ CN(0, Py,);
the outer expectation is over the i.i.d. fading magnitudes and phases; (f) follows since in the first term of
(e), ® := Oxp — Orp ~ U[0,27), and thus each summand can be upper bounded by using Eg,g plog(l +
G+ ZGl/zBl/Zﬂ{ejép}) < E4log(1 + G) when ® ~ U[0,27x), p € C [24]; and (g) follows from applying

Jensen’s inequality as in steps (c)-(d) of (27).
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Thus as n,n; — oo, we have

Ry < E[C(kzu GxpPp + GroPRr)] + @E[C(GRrpPR)] (€29)

for U C {1,2}, from which individual bounds on Rj, R, and R; + R, are obtained by choosing U = {1},
U = {2} and U = {1,2}. Finally, under condition (11)-(13), the achievable region of Theorem 2 reduces

to bounds in (8), (9) and (10) which match the respective outer bounds, and thus achieves the capacity.

APPENDIX D

SOLUTION OF THE PROBLEM [P1]

The KKT Conditions: We denote a feasible point by x := (p1,q1, p2. q2. R) € R3, and use the equiv-
alent objective, minimize —R. Note that the objective is linear, and the equality constraints in (20) are
affine. Moreover, the constraint in (18) is convex as its Hessian is a positive semidefinite matrix with
L d2/(L+dip)? ri/(L+rq)% d3/(1+dopa)?, r3/(1+r2g2)% 0) on its leading diagonal. Similarly,
constraint (19) is also convex. Furthermore, the feasible set is compact, and X := (P—¢, €, P—¢, €, 0R)
is strictly feasible for sufficiently small € > 0. Hence [£1] is a convex optimization problem over a
compact set that satisfies Slater’s condition [34], therefore it is solved using KKT conditions as in [34,

Chap. 5.5.3]. The Lagrangian function for [1] is given by

€ =-R+A(R-ZR)+ ©2(R-2Zp) + ui(p1 + g1 = P) + pa(p2 + g2 — P) — p1p1 — p2q1 — p3p2 — paqg2 — psR,

where {/lk}izl, {,uk}i:1 and {pi}?:1 are Lagrange multipliers corresponding to constraints (18)-(19), (20),
and (p1, q1, P2, 92, R) = 0 respectively, with £g and Zp in (16)—(17). With slight abuse of notation, we
denote the optimal primal variables by (p1, g1, p2, g2, R), and the optimal Lagrange multipliers (OLM) by

(A1, A2, P1, P2, P3, P4) and (w1, pp), which satisfy the following KKT conditions

A1+ =1, (32)
) o d ~ a A B a d B a Ain (33)

P1 = M 21+d1p1’ p2=H 21+r1q1,p3—ﬂ2 21+d2p2’ pa =12 21+r2q2’

pr+qi =P, pp+q=P, G

R-2r <0, R-2g <0,
/ll(R - ZR) = Oa /lz(R - Z:D) = O’ (35)
p1p1 =0, p2q1 =0, p3pr =0, pagr =0, (36)

(P1,91, P2 q2, R) = 0, (A1, A2, p1, P2, P3, Pa) = 0. (37)
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TABLE V: Set of (p, M)-tuples are partitioned into 18 subsets and the LGR corresponding to each subset is provided.

Ae Ll Aelp Ae L Aelp Ae Ll Aelp
peling | A Arr C Ary pennD | Ay Arg € Arg peELNG | Ay Srrd
peLNG | Agr Adr S A4y | PELNT | Add Aqgisinvalid | pe HLNTF | Aqrd Sd.rd
PN Ard,r Srd.r pelzND, Ard,d Srd.d pelzNg; Ard,rd Srd.rd

with ps = 0 since R > min(op, oR) > 0.

Partitioning the set of OLMs: We now partition the set of all (p, A)-tuples where p := (o1, p2, P3, P4)
> 0 and A := (1, 42) = 0, into 18 subsets. First, the set of (o1, p2)-tuples is partitioned into 3 subsets,
Iy :={(p1,p2) : p1 > 0,02 = 0}, I := {(p1, p2) : p1 = 0,02 > 0}, and I3 := {(p1,02) : p1 = 0,02 = 0},
since subset 7y := {(p1, p2) : p1 > 0, 02 > 0} violates (34) by requiring p; = g; = 0. The set of (p3, p4)-
tuples is similarly partitioned into 3 subsets J, k € {1, 2, 3}. Finally, the set of A-tuples is partitioned into 2
subsets L1 :={A: A1 =1, =0}and L :={X: 42 > 0,4, > 0}, since subset L3 :={A: 1, =0,1, =1}
violates the assumption y > 1 in the OA by requiring £p < ¥R, and L4 := {A : 4} = 0, A, = 0} violates
(18)—(19) by requiring R < min(Xp, XR). Thus, the set of (p, A)-tuples are now partitioned into 18 subsets
NG NLykle{l1,2,3},me{l1,2}. Note that a (p, A)-tuple now satisfies the KKT conditions as well
as the condition of the subset to which it belongs. When all conditions on (p, A) are expressed in terms
of (P, ry,r,di, da,7y), each subset leads to an LGR as presented in Table V. However, only 14 LGRs are
valid, since 3 are subsumed into an existing LGR (ﬁ(m) C A, and ﬁd,d is invalid as it violates the
assumption y > 1.

Power Allocation in LGRs: Next, we express the conditions on (p, A) in each LGR in terms of P and
threshold powers in Table II. We also derive the expression of optimal powers in this process.

LGR A;y: Here, p e 11N g1 and XA € L. For p € 11 N g1, we have p; > 0,020 =0,p3 > 0,04 = 0,
which require p; = 0,91 = P,p> = 0,92 = P from (34), (36)-(37). Now, A € L requires X < Xp that
results in P < Py, from (35). The conditions for p; > 0, p3 > 0 are derived by substituting p, = ps =0
in (33) and eliminating (u, 12). Hence, the conditions for Ay, are given by P < Pél,d = dl‘1 —-ry I pP<
ls:id = 0[2_1 - rz_l, and P < Py,.

The conditions of the counterpart ﬁr,r (with A € L, instead of A € L)) is valid only for a set of
measure zero at P = Py, but the optimum powers are the same as in Ay, thus it is subsumed in Ay;.

LGR Agq and Sqrg: In Agpg, p € Lo N J3 and X € L. For p € I, N 3, we have p; = 0,p2 >
0, p3 = 0, p4 = 0, which require p; = P,q; = 0,p2 > 0,2 > 0 from (34), (36)-(37). First, by substituting
p3 = ps=0,1; =1 in (33), we obtain p = 0.5(P+r;' —d;') and g = 0.5(P+d;' —r;"), and conditions

(P2, q2) = 0 require P > Isa P = P4d. The condition for p > 0, found by substituting p; = 0,4; = 1 in
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(33), requires P < Pgqq = r;' —d;'. Finally, X € £; requires £g < Zp, i.e., P < Pyyg = 2y - Dry' —d;".

Thus, the conditions for Aq,q are min(Pgg, Pgyq) > P > max(lsd,d, lséi,d)'

In Sqrg, p € 12 N J3, which still requires p; = P,q1 = 0,p2 > 0,g2 > 0. However, now X € L5, i.e.,
(41, A2) > 0, which requires ¥y = Zp, resulting in ¢» = (y — l)rz_l, and pp = P —(y - l)rz_l. Due to
y > 1, we have ¢ > 0, but py > 0 additionally requires P > Py, = (y — l)rz_l. Since A1 + A, = 1 in (32),
(11, 42) = 0 is equivalent to 1 > A; > 0. Solving for A; by substituting (p>, g2) above and p3 = p4 =0 in
(33), the condition 1 > A; > 0 requires P > Pq,q. The condition for p, > 0, found by substituting p; = 0
in (33), requires P > Isd’rd if r € Rgp, and P < Isd’rd otherwise. Therefore, the conditions of Sq,q are
P > max(Pqy, Py g, |3d,rd), if r € Rg, and max(Pqy, Pgrg) < P < |3d,rd, otherwise.

LGR Argy and Syqr: In Argy, p€ 3N 1 and X € L. For p € 13N ), we have p; = 0,02 =0, p3 >
0, p4 = 0, which require p; > 0,91 > 0,p2 = 0,92 = P from from (34), (36)-(37). First, by substituting
p1=p2=0,4; =1in (33) we find p; =0.5(P+r;' —=d;') and q; = 0.5(P+d;' —r;'), and (p1,q1) = 0
require P > Pél,d and P > Pgq. The condition for p3 > 0, found by substituting ps = 0,4; = 1 in (33),
requires P < péjd Also, X € L; (ie., Zgr < Xp) requires P < Pqy,. Thus, the conditions for Ay, are
given by P > max(Pyg, P} ), and P < min(lsa’d, Prar)-

In Sqr. p € I3 N G still requires p; > 0,91 > 0,p2 = 0,92 = P, but A € L, now requires g = Xp,
from which we solve for A;. Then, using 4 and p; = p> = 0 in (33), we find p; = P—rl‘l(y/(l +Pry)—1)
and g = rl_l(y/(l + Pry) — 1), and (p1,4q1) = 0 require Pqy > P > Py,. Conditions (32) and XA € L,
simplify to 1 > A; > 0 which requires P > P4, whereas the condition for p3 > 0 requires P < Isrd,r.
Thus, the conditions for Sy, are min(Pg, Isrd,r) > P > max(Pyy, Prgy).

LGR Sy4rq: Here, p € 3N R, i.e., p=0, and A € L5: this require g = Xp, from which we solve for
A1. Conditions (32) and A € L, simplify to 1 > A; > 0 which requires P > Pyqq. Using the expression of
A1 and p = 0 in (33), we find ¢, and ¢; as in the last and third to last rows of Table I. From (34) we have
px = P—qi, and py > 0,k = 1,2, requires P > max(lsr’rd, Isrd’r). Finally, depending on the relay link gains,
condition g; > 0, k = 1,2, simplify to either max(F’rd,d, F)d,rd) < P forr e R, URy, |3rd,d <P< |3d,rd for
r € R, Or Isd,rd <P< Isrd’d for r € Rgy, as in Table L.

The optimal powers and conditions for Aqg, Srqd» Arrg and Syrg are derived from Ay g, Sq.rds Ardr
and Sy, by exchanging the roles of the direct and relay links, while those for Aqq, Aqy, Arg and Argrg

are derived through similar tedious algebraic manipulations. The details are omitted here.

ACKNOWLEDGMENT

The authors are grateful to Meysam Shahrbaf Motlagh for improving the presentation of this paper.



(1]
2]
3]
[4]
(5]
(6]
(7]
(8]
(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]
[20]

(21]
(22]
(23]
[24]

[25]

[26]
[27]
(28]
[29]
(30]
(31]

(32]
(33]

(34]
[35]

34

REFERENCES

“Framework and overall objectives of the future development of IMT for 2020 and beyond,” ITU, Tech. Rep. M.2083-0, 2015.
“LTE-A 4G Solution,” Ericsson, Tech. Rep., Apr. 2011.

“5G Radio Access: Requirements, Concept and Technologies,” NTT DOCOMO, Tech. Rep., Jul. 2014.

M. Hashemi, C. E. Koksal, and N. B. Shroff, “Out-of-band millimeter wave beamforming and communications to achieve low latency
and high energy efficiency in 5G systems,” IEEE Trans. Commun., vol. 66, no. 2, pp. 875-888, Feb. 2018.

Y. Niu, Y. Li, D. Jin, L. Su, and A. V. Vasilakos, “A survey of millimeter wave communications (mmwave) for 5G: Opportunities and
challenges,” Wireless Networks, vol. 21, no. 8, pp. 2657-2676, 2015.

J. Brady, N. Behdad, and A. M. Sayeed, “Beamspace MIMO for millimeter-wave communications: System architecture, modeling,
analysis, and measurements,” [EEE Trans. Antennas Propag., vol. 61, no. 7, pp. 3814-3827, Jul. 2013.

S. Singh, R. Mudumbai, and U. Madhow, “Interference analysis for highly directional 60-GHz mesh networks: The case for rethinking
medium access control,” IEEE/ACM Trans. Netw., vol. 19, no. 5, pp. 1513-1527, Oct. 2011.

Y. H. Ezzeldin, M. Cardone, C. Fragouli, and G. Caire, “Gaussian 1-2-1 networks: Capacity results for mmwave communications,”
CoRR, vol. abs/1801.02553, 2018. [Online]. Available: http://arxiv.org/abs/1801.02553

B. Zhai, A. Tang, C. Huang, C. Han, and X. Wang, “Antenna subarray management for hybrid beamforming in millimeter-wave mesh
backhaul networks,” Nano Communication Networks, vol. 19, pp. 92 — 101, 2019.

J. Qiao, X. S. Shen, J. W. Mark, Q. Shen, Y. He, and L. Lei, “Enabling device-to-device communications in millimeter-wave 5G
cellular networks,” IEEE Commun. Mag., vol. 53, no. 1, pp. 209-215, Jan. 2015.

K. Zheng, L. Zhao, J. Mei, M. Dohler, W. Xiang, and Y. Peng, “10 Gb/s hetsnets with millimeter-wave communications: Access and
networking - challenges and protocols,” IEEE Commun. Mag., vol. 53, no. 1, pp. 222-231, Jan. 2015.

H. Mehrpouyan, M. Matthaiou, R. Wang, G. K. Karagiannidis, and Y. Hua, “Hybrid millimeter-wave systems: A novel paradigm for
hetnets,” IEEE Commun. Mag., vol. 53, no. 1, pp. 216221, Jan. 2015.

S. Majhi and P. Mitran, “On the capacity of a class of dual-band interference channels,” in Proceedings of the 2016 IEEE ISIT,
Barcelona, Spain, Jul. 2016, pp. 2759-2763.

W. Feng, Y. Li, D. Jin, L. Su, and S. Chen, “Millimetre-wave backhaul for 5G networks: Challenges and solutions,” Sensors, vol. 16,
no. 6, 2016.

Z. Pi and F. Khan, “An introduction to millimeter-wave mobile broadband systems,” IEEE Commun. Mag., vol. 49, no. 6, pp. 101-107,
Jun. 2011.

A. Ali, N. GonzAalez-Prelcic, and R. W. Heath, “Millimeter wave beam-selection using out-of-band spatial information,” IEEE Trans.
Wireless Commun., vol. 17, no. 2, pp. 1038-1052, Feb. 2018.

H. Elshaer, M. N. Kulkarni, F. Boccardi, J. G. Andrews, and M. Dohler, “Downlink and uplink cell association with traditional
macrocells and millimeter wave small cells,” IEEE Trans. Wireless Commun., vol. 15, no. 9, pp. 6244-6258, Sep. 2016.

O. Semiari, W. Saad, and M. Bennis, “Joint millimeter wave and microwave resources allocation in cellular networks with dual-mode
base stations,” IEEE Trans. Wireless Commun., vol. 16, no. 7, pp. 48024816, Jul. 2017.

Intel Corporation, “Intel Announces World’s First Global 5G Modem,” Report, Jan. 2017.

Qualcomm Corporation, “Qualcomm Delivers Breakthrough 5G NR mmWave and Sub-6 GHz RF Modules for Mobile Devices,” Press
Release, Jul. 2018.

S. Majhi and P. Mitran, “On the capacity and the optimal sum-rate of a class of dual-band interference channels,” Entropy, vol. 19,
no. 9, 2017.

Z. Wei, X. Zhu, S. Sun, and Y. Huang, “Energy-efficiency-oriented cross-layer resource allocation for multiuser full-duplex decode-
and-forward indoor relay systems at 60 GHz,” IEEE J. Sel. Areas Commun., vol. 34, no. 12, pp. 3366-3379, Dec. 2016.

G. K. Agarwal, Y. H. Ezzeldin, M. Cardone, and C. Fragouli, “Secure communication over 1-2-1 networks,” CoRR, vol.
abs/1801.03061, 2018. [Online]. Available: http://arxiv.org/abs/1801.03061

G. Kramer, M. Gastpar, and P. Gupta, “Cooperative strategies and capacity theorems for relay networks,” IEEE Trans. Inf. Theory,
vol. 51, no. 9, pp. 3037-3063, Sep. 2005.

W. Hong, Z. H. Jiang, C. Yu, J. Zhou, P. Chen, Z. Yu, H. Zhang, B. Yang, X. Pang, M. Jiang, Y. Cheng, M. K. T. Al-Nuaimi, Y. Zhang,
J. Chen, and S. He, “Multibeam antenna technologies for 5G wireless communications,” IEEE Trans. Antennas Propag., vol. 65, no. 12,
pp. 6231-6249, Dec. 2017.

Q. Xue, X. Fang, and M. Xiao, “Beam management for millimeter wave beamspace MU-MIMO systems,” in 2017 IEEE/CIC
International Conf. on Commun. in China (ICCC), Oct. 2017, pp. 1-6.

R. Dabora, “The capacity region of the fading interference channel with a relay in the strong interference regime,” IEEE Trans. Inf.
Theory, vol. 58, no. 8, pp. 5172-5184, Aug. 2012.

S. Wu and Y. Bar-Ness, “OFDM systems in the presence of phase noise: Consequences and solutions,” IEEE Trans. Commun., vol. 52,
no. 11, pp. 1988-1996, Nov. 2004.

H. E. Saffar, E. H. M. Alian, and P. Mitran, “Source-channel communication over phase-incoherent multiuser channels,” IEEE Trans.
Commun., vol. 62, no. 8, pp. 2996-3003, Aug. 2014.

B. Sklar, “Rayleigh fading channels in mobile digital communication systems. I. Characterization,” I[EEE Commun. Mag., vol. 35,
no. 9, pp. 136-146, Sep. 1997.

L. Pinals, A. A. A. Haija, and M. Vu, “Link regime and power savings of decode-forward relaying in fading channels,” IEEE Trans.
Commun., vol. 64, no. 3, pp. 931-946, Mar. 2016.

T. M. Cover and J. A. Thomas, Elements of Information Theory. Wiley, 1991.

G. D. Durgin, T. S. Rappaport, and D. A. de Wolf, “New analytical models and probability density functions for fading in wireless
communications,” IEEE Trans. Commun., vol. 50, no. 6, pp. 1005-1015, June 2002.

S. Boyd and L. Vandenberghe, Convex Optimization. New York, NY, USA: Cambridge University Press, 2004.

M. Grant and S. Boyd, “CVX: Matlab software for disciplined convex programming,” http://cvxr.com/cvx, Mar. 2014.



