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Abstract—Two-way is a dominant mode of communication in BS,(L) BS,(Ls) -ramel o frame 2
wireless systems. Departing from the tradition to optimizeeach v, |L =z IB .y |L ~x [n —
transmission direction separately, recent work has demorisated 1 1 1
that, for time-division duplex (TDD) systems, optimizing he
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>
time

schedule of the two transmission directions depending on &ffic ™~ | - —--- I’A |L2 - R, |1€2 -1, Ilq, -1, le —R, L
load and interference condition leads to performance gainsin " , : . i
this letter, a general network of multiple interfering two-way links \SBS,(L,) ,/

h ) . A A IS A AR A T

is studied under the assumption of a balanced load in the two \ 1\ Vs | ; \‘I i | : xl s x|=
directions for each link. Using the notion ofinterference spin, we MS; )/ MS,

introduce an algebraic framework for the optimization of two- B) N[+ (R (b)

way scheduling, along with an efficient optimization algorihm
that is based on the pruning of a properly defined topology

graph and dynamic programming. Numerical results demon- MS Vi Q'\ ____ ,-O Vs
strate multi-fold rate gains with respect to baseline solubns, (R? Y, f
especially for worst-case (5%-ile) rates. 3 v

Index Terms—Two-way communication, scheduling, dynamic (2) (©
TDD, dynamic programming.

Fig. 1. (a) Example scenario with two macro-cells and onellsced, with
direct channels (full lines) and interfering channels tdaklines). (b) Example
|I. INTRODUCTION spin configuration in two subsequent frames. (c) Topolo@phG.

Two-way is a dominant mode of communication in wireless
systems, such as in uplink (UL)/downlink (DL) cellular com-
munication. Although the two-way channel is the first known
multi-user channel treated in information thedry [1], thesign ) ] )
of two-way links has traditionally been tackled by sepamgti (P2D) links, where the traffic load is balanced between the tw
the problem into independent one-way DL and UL problem§ansmission directions: a slot assigned to one transomissi
respectively, that deal with rate adaptation, schedulitg, ~ direction is always followed by one allocated to the oppsit

Nevertheless, recent works| [2-[7] have demonstrated tififection. This assumption is per definition suitable foplap
the presence of interference motivates the joint consiiera Cations using interactive communication. An example s&up
of UL and DL, since the interference caused by a link on oth@en in Fig.L1(a), that consists of three interfering twayw
links is different depending on the direction in which theklis  Inks operating over two-slot frames, with one slot allechto
active, i.e., on which node acts as the transmitter. Spatjfic €ach direction as per Figl 1(b). We refer to the binary végiab
the referenced works have studied dynamic Time Divisighat determines the link direction in the first slot (the ogifpe
Duplex (TDD) for small-cell wireless systems. With dynami® the one in the second slot) as tineerference spin of a link
TDD, each slot, of possibly different size in the frequetioye (see precise def|n_|t|on in the next sectlor_l)._Thl_s allowsaus t
plane, can be assigned to either the UL or DL direction, dBIOPOS€ arelgebraic framework for the optimization of two-
pending on traffic load and interference conditions. Refees W&y Scheduling, e.g., UL-DL slot allocation. The optimipat
[2] and [3] outline the challenge of managing UL-DL crossconsists of selecting the interference spins of/dlllinks in
interference in the presence of dynamic TDD. The works [4§rder to maximize a general sum-utility of the signal-tasee
[5] instead propose centralized and decentralized atyost Plus-interference ratios (SINRs) of the two-way links. The
that optimize the switching time between UL and DL. FinallyoPtimal solution has a complexity that scales2as. Besides
[6], [7] put forth heuristic solutions for the optimizatioof the algebraic framework, our second contribution is a subop
UL-DL slot allocation for fixed switching times. timal, but efficient, algorithm that leverages the représton

In this letter we consider a generic collection of two-waff the M interfering two-way links as a graph dff nodes.

links, hence including, e.g., cellular and/or device-avide 'N€ Proposed algorithm is based on pruning this topology
graph according to a specific criterion and applying dynamic
P. Popovski, J. J. Nielsen ard. Stefanovict are with the Departmentprogramming. The algorithm finds a spin configuration that is

of Electronic Systems, Aalborg University, 9220 Aalborgerinark (e-mail:  geen via numerical results to exhibit substantial perfcmaa
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We consider a seV of M synchronous two-way links,
where thel—th link V; consists of two half-duplex nodds . < :
and R;. The labeling of the two nodes in a lifk as left, L;, v‘:’ A v
and right,R;, is arbitrary, see Fid.J1. Each liik uses TDD, L R,
and two-way communication takes place in a frame consisting
of two slots. The first slot is used in one direction, eithefy >  Two interfering linksVy : Ly — Ry andV; : L, — R,. The INRs
L, — R; or R — L;, and the successive slot is used in there given only for the interference frolj to V;, for clarify of illustration.
opposite direction. Related to this, we defingrference spin

or, for short,spin of a link in a given frame: thé—th link

V; is said to have 4eft spin or 0—spin if L; transmits in the Specifically, the SINR for the directioh; — R, is given as

SNR" —  SNR/" <

odd slot andR; transmits in the even slot; otherwise the link SNRELE
has aright spin or 1—spin in that frame. In the example inSINR/"(r;) = L ) =R
Fig.[d(b), the linkV; has a left spin in the first frame and a L+ 3w el —ru) INRE + TklINRk(lz)]

right spin in the second frame. The spin of theth link is
denoted bys; € {0,1}.

All devices use the same spectrum in a TDD mann
leading to interference among the concurrent link transm
sions. Each device is backlogged with data, such that tisere i
transmission in each slot and there is a continuous streamwiferer; is the vector of spins;;, ki € &, for the link V;. By
slots. All links are slot-/frame-synchronous. Considgrtwo rewriting the denominator of12) as+ 3, ,; < < [INRE +
links, say Vi, : Ly — Ry and V; : L, — Ry, we distinguish r,,(INRZ? — INR/)], we see that, ifINR;" = INRLF,
the following channel gains, see Fg. 2: @)rect channels:  the relative spinr; does not affecBINRZ " (r;). Similarly, if
Ly — Ry, Ry — Ly, Ly — R and Ry — L;, whose INRZF = INRFF, thenry, does not affecBINRS ™ (r;).
signal-to-noise ratios (SNRs) are definedsa&R; ", SNR;'", Given a topology graply, definition [1) implies that the
SNR;" and SNR/", respectively; (b)interfering channels. vector r = [r;---r)] of all relative spins satisfies the
Ly — Ry, Ry — Li, Ly — L, and Ry — R;, whose following properties:(C1) Symmetry: ry; = ry; (C2) Par-
interference-to-noise ratios (INRs) are defined IA&R 7, ity check on cycles: For any cycle in the topology graph
INR;3", INR;" and INRL", respectively. The interferencey, i, ii,..., Ixl; € £ we have the parity check equation
from [ to k, not depicted in Fig 12, is represented in a similar
manner. Even with perfect channel reciprocity, we gengrall Tity D Tisly ® oo @11y iy © 11y, = 0. (4)

LR RL LR RL &
have SNR ™ # SNR} ™ and I_NR“ #INle_, since the It can be easily shown th&1 and C2 are also sufficient to
nodes at the two ends of a link may use different powegy

and for the direction?; — L; we have

RL
INR/ (1) = SNR;
LY T 1 — r ) INREL + p INREE]
+ D ke el(X=7Trt) Ll T Tkl k(l3;

. . . Uarantee the existence of a vector of spins that satigfies (1
Some of these quantities can be zero: for instance, links m P &iles (

¢ interf ith h oth due to obstac] dlvi d hence they characterize the set of all relative spirovect
not inieriere with each other, €.g. due fo obstacles andlyl simple consequence @1 andC2 is that the specification

LR _ RL _

INR;. " =INR;;” = 0. ) of the relative spins on the edges of any spanning free [8] on
In order to ca_lpture the mterference-related features ef th, o topology graplg is sufficient to obtain the entire vecter

network, we define the undirectégpology graph G = (V. €),  Eyery edgeil either belongs to the tree and hengeis fixed,

where the set of verticel represents théinks V;, as defined or, if not, then edge:/ forms a unique cycle with a subset of

above, and an edge exists in the edge &€bor a pair of he eqges of the tree and the relative spin follows frBim (4).

links Vi, and V; in KL}J andRcany if LaLt leasfﬂgne Ozpfhe We are interested in finding the spin configuration that
|nter1f%eLr|ng povaersINRkl Q%IRNRM ANRE INRE S INRGGT  mayimizes a sum-utility function of the SINRs across alk$in
INRj;”, INRj;” andINR;;" is non-zero. Therefore, an edgery problem of interest is hence formulated as
ki € £ indicates that two linkd/, andV] interfere at least in
one direction. Note that we identify edges via the indices of M LR RL
the connected links. The topology graph for the example in mraxz Ui(SINR; " (r), SINR; ™ (r;))  s.t. C1 andC2
Fig.d(a) is depicted in Fidg]1(c). Without loss of geneyalit =1 (5)
the graph is assumed to bennected [8], since, otherwise, one
could consider the different connected components segaratwhere the maximization over the relative spins is subject to
Denoting by® the XOR operation, the interference betweethe constraintsC1 and C2, and we have fixed non-negative
two links V3, andV; is fully specified by thaelative spin r;:  utility functions U; (-, -) for each linkV;. The utility function
U(-,-) is assumed to be non-decreasing in the arguments and
TR = Tk = Sk D Sy (1) will be written asU;(r;) in order to simplify the notation. An
example is the two-way sum-rate, which is givenlaér;) =
The SINRs for any linkV; in the two directionsL; — R; log(1 +SINR/"(r;)) 4 log(1 4+ SINR/*(r;)). In principle, a
and R, — L; can be written as a function solely of thelink can change the spin per frame; however, in $et. IV, we
relative spins of the interfering links, i.e., of; with kI € £.  will treat the case in which a link spin is determined based on



SINR variables that include long-term fading and update thwgth the average of the interference powers that would be

the scheduling decisions on a large time scale. observed ifry; = 0 or r; = 1. This is justified by the fact
that, in light of the choice of the weightgl(6), it is expected
111. OPTIMIZING THE INTEREERENCESPINS that the two Value$NR£lR andINRZR are similar. The same

approach is used to approximalé (3), leading to the approx-
Y[nation SINRZRL(rcLllm p,). For ease of notation, we write
Ul(rcll, TlPl) = Ul(SINRlLR(I‘Cll, T‘lpl), SINRZRL(I‘CM, T‘”::l)).

We now aim at optimizing probleni](5) with utilitieg; in

u of U for all I € V. The proposed dynamic programming
sglution starts from the leaf vertices and proceeds acegrdi
to the (partial) order defined by the tree until the root is
reached. In particular, each vert&k calculates the message
py = (1, pt) for its parent vertex’,, where

The maximization in[{p), in principle, can be carried out b
exploring all possible configurations of relative spins.eCto
the constrain{{4), the complexity of exhaustive searclescas
2M=1"becoming impractical a&/ increases. Here we proposq.
a suboptimal, but computationally more efficient optimizat 1€
strategy that consists of two steps: 1) Construction of
maximum relative-interference spanning tree 7 over the graph
G; 2) Dynamic programming spin optimization gn.

1) Maximum Relative-Interference Spanning Tree 7 4f = max i (teu,mim = ) + Z el (9)
. . . . - b (A k )
For each edgé! in G, a weightwy,; is assigned as el kec,
wyy = max(|INRFE — INREE|, INREL — INREL|, for i = 0, 1. The maximization in[{9) is over the relative spins

corresponding to edges stemming from the child vert€es
We denote a solution of the problefd (9) Bgsll fori=0,1.
This weight evaluates the maximum change in interferenb®te that the leaves have no child vertices, and hence, for
powers that is affected by the selection of the spip A every leafV;, the message is calculated @s= U,(r;p, = i)
maximum spanning treg is then constructed with respectfor ¢ = 0,1. Instead, the root vertex, which has no

to the weights in[(B), retaining only the edges that have tiparent, solves the problemaxy.,, (Us(rc,t) + > ree, Hi")
largest contributions to the relative interference powamsl and obtains an optimal solutiafe,.. A complete solutiorr is
pruning the remaining edges; e.g., for the example in[Fig), 1(finally obtained by backpropagation: starting with the dieh
one of the three edges will be removed based on the criteriohthe root vertex, each child vertek € C; of a vertexV;

(6), thus obtaining’ with two edges. We refer t§~ as the selects the solution;";, until the process reaches the leaves.
maximum relative-interference spanning tree. The ffeean The complexity of the maximum spanning tree construction
be constructed in a centralized or distributed way [8] [Qit b scales asG'log M [8] [9], where G < M(M — 1)/2 and
the implementation details are out of the scope of this papéf are the number of edges and verticesGinrespectively.
Finally, a root vertex is arbitrarily selected so as to mdka The order of complexity of the relative-spin optimizatias i
rooted tree. Note that each vertéxin 7 has a single parent M - 2, where D is the maximum number of children of a
vertex P, (except for the root vertex, which has no parentyertex in 7. While in the worst caseD = M — 1, for a
i.e., P, is the only vertex in7T along the unique path to thetypical topology graphG, we foundD to be much smaller
root. V; can be the parent for multiplehildren verticesC;. than M, leading to significant complexity saving with respect
to exhaustive search, see Secfion IV.

[INR/® — INRSE|, INRLE — INRSFE|).  (6)

2) Dynamic Programming
) ) IV. NUMERICAL RESULTS AND CONCLUDING REMARKS
Having constructed the spanning trge we now proceed

to optimize only the relative spins corresponding to theesdg
kl € T via dynamic programming. As discussed in Set. If

the spins for all the remaining edges can then be immediat&gdes: are generated as follows transceivers are placed

calculated via[{4). In order to allow the optimization to b&niformly in this area and chosen equiprobably to be either
limited only to the edges iff, we approximate the SINRs inan L— or 12— node; then, the opposite node of the link (

@) and [3) so that they only depend on the relative spins 8 L, regpect_ively) is placed at a uniformly selected rand_om
the edges . To this end, denote byc,; the vector of the angle with distancel. Note that the opposite node may lie

relative spins for the edges connecting the child natlesith  ©utside the area at hand. Two types of links are considered:
V, and, similarly, byr;p, the relative spin betweel; and its (i) symmetric D2D links, with d = d; = 10m; (ii) asymmetric

parentP,. The SINR [2) for linkV; is approximated as femtO(_:eII links with d = d, = 50m. These links differ as
h explained below. The long-term SNRs and INRs that are used
SNR;

by the algorithm to determine the configuration of relative
L+ 3 e gINRkl spins account only for large-scale fading and path loss. The
(1 — 1 )INRE + 7 INREF kecu{ny, long-term SNR parameters for a symmetric linkare given
INREE + (INREE + INREF) /2 else

For performance evaluation, a small-cell set-up is consid-
red over al00m x 100m area.M links, or equivalently2 M

SINRILR (I‘cl 1y TlPl ) =

, where (7

asSNR;** = SNR;" = SNR,f3;. The transmit power is only
) adapted to the path loss in order to &R = 20dB, while
5, represent independent log-normal shadowing with standard
In other words, the interference contribution for the edgekeviation8dB. For an asymmetric link}, the SNRs are given
kl € £\ T that do not belong to the tree is approximateds SNR/ = SNRZ%3, and SNR/** = SNRZ L3 with

INRy;, = {
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Average two-way sum-rate [Mbit/s] Fig. 4. Gain in5%-ile two-way sum-rate for the proposed MST-DP algorithm
with respect to a random spin selection versus the numbenks. |

Fig. 3. 5%-ile two-way sum-rate (for a bandwidth 8dMHz) versus the
average two-way sum-rate for different number of links
asymmetric links, respectively. For computational fegityb
only the MST-DP algorithm is considered. It is seen that,
SNRA = 20dB andSNRZ* = 10dB due to the fact that the while the performance gains are substantial in both scesiari
power of the femto-base statioh)is different from the power optimizing the interference spins is particularly advagetaus
of the mobile user R). The long-term interference powerfor asymmetric links. This is expected, since controllihg t
caused by the nod¥; to the nodeY;, whereX,Y € {L, R}, interference caused by the nodes that transmit with larger
is given asINRﬁY - SNRfX(dZ/df,iy)"ﬁf,gy, wherez — ¢ power has a more pronounced impact on the worst-case two-
if V; is symmetric andz = o otherwise, XX € {LR,RL}, Way sum-rate. Finally, the MST-DP algorithm, while infario
n = 4 is the path loss exponent” is the distance betweento the exhaustive search, still provides significant gawesr o

nodeX; andY;, andg;yY accounts for log-normal shadowingrandom spins. We observe that, in terms of complexity, even

with standard deviatioBdB. Note thatsXY = g5, ~. with M = 100 nodes, the value ob was found to be always

For a fixed spatial configuration and large-scale fading, tH¢ < 9 and to be, on average less th@n
spins are optimized with the proportional fairness utilityoss 1€ main conclusion is that the degree of freedom offered
the links, 50 that/; (r;) = log(log(1 -+ SINRFE (1)) + log(1 + by the.lnterference spins leads to r_emarkablethroughpusga
SINRF*(r,))). The proposed algorithm is referred to as MSTESPeCially for the worst-case (5%-ile) rates.
DP (Maximum Spanning Tree-Dynamic Programming). One
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attained by optimized spin assignment with respect to rando

spin selection as a function @ff. Note that the high number

of links is justified by the ultra-dense wireless scenarios

envisioned in the upcoming 5G wireless systems [7]. Two

curves are shown, one for all symmetric and one for all
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