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3-D Drone-Base-Station Placement with In-Band
Full-Duplex Communications

Liang Zhang, Qiang Fan, and Nirwan Ansari

Abstract—Drone-base-stationsPBSs) can potentially provision IBFD can significantly improve the throughput of the DBS
low-cost and flexible networking with high mobility while in-band  gssisted cellular network, we formulate theone-basestation
full-duplex (IBFD) can conceivably improve spectrum efficiency. pjacement withl n-Band Full-Duplex communication SP-

It is therefqre logical to employ DBSs with IBFD in a ceIIuIar IBFD) problem, which includes the DBS placement problem

network to improve the network throughput. We decompose ths P ' A p ’ P h
problem into the DBS placement problem and the joint band- and the bandwidth and power allocation (in the access link
width and power allocation problem, and propose two heurisic  and the backhaul link) problem. We propose two heuristic
algorithms to solve the whole problem. Simulation results bve  algorithms based on different DBS placement strategies to
demonstrated that the total throughput of the Dynamic Drone-  g4|yq the DSP-IBFD problem. One is the fixed DBS placement
base-Staﬂon Placement ODynamic-DSP) algorithm achieves up to (benchmark), and the other is the dynamic DBS placement
45% improvement as compared to that of the strategy without 4 ) ’ 5 y P ’ '
DBSs. which aims to achieve better performance. Meanwhile, the
bandwidth and power allocation are optimized based on the
DBS placement results.

Il. SYSTEM MODEL

. INTRODUCTION We consider a heterogeneous network (HetNet) consisting
ig,( a MBS (HD-enabled) and a few DBSs (IBFD-enabled)

high mobility and low cost [1]. Drone cells are especiall eployeq as small cells. Fi_g. 1(b) shows the backhaul lirk an
useful for provisioning communications for temporary o ccess link of a DBS sharing the same frequency. Meanwhile,

unexpected events in sports, traffic jams, and emergency Coq,ﬁferent DB.SS use different frequency spectra, thus “m"*“_
munications [2], [3]. DBSs can be used to overcome teradstr| N9 BS-BS interference between each other. A UE associated
BS failures offk’)ad traffic from a congested macro basecmatiWith a DBS receives the interference from the backhaul link
(MBS, pro,vide service to remote areas [4], and improvféom the MBS to their DBS, which is different frorp Fig.' 1(a).
Quality of Service (QoS) of user equipmentsss) [5]. B De;oﬁl? iS:t‘r[é’ 2D’BS ’ske}t azntge le S;i:"e\r/;hforﬁh: {I\zBES
Fig. 1(a) sh DBS assisted half-dupl llul J > S5 - . '
'g. 1(a) shows a assisted half-dupl¢i) cellular = {uy,u2,-- ,u,} is the UE set. We consider a MBS of

network, where separate frequency spectra are employed”in . _ ;
W W P guency sp ploy I:glnverage radiug’,, overlapped with multiple DBSs. At the

Index Terms—Drone-base-station, wireless backhauling, full-
duplex, self-interference, backhaul interference.

DBSs can be deployed to provide wireless services w

the backhaul link (from the MBS to a DBS) and access link” "~ ™ DBS located at the MBS. and th ¢
(from the DBS to the UE), but the spectrum efficiency of H eginning, s are located at the >, and théh move 1o
the target area, hovering there to provide services to UEs.

is low. In contrast, in-band full-dupleXxBFD) can potentially e consider low-mobility DBSs (DBSs are hovering most

double the spectrum efficiency as compared to HD [6]. IBF : ) )
enables simultaneous communications in the backhaul tidk aof the time); both_the MBS and DBSS dynamically allocate
ower and bandwidth to UEs. In this letter, we only focus on

access link in the same frequency band [7]. However, it R . o 4

difficult to transmit and receive data on the same frequengS wnlink communications from the MBS to UEs via a DBS

owing to severe self-interferenc8§. Recent advances in S from the MBS to UEs.

cancellation, which can reduce S| by up180 dB [8], have A. Path Loss Model

enabled IBFD [7]. When DBSs communicate with UEs on the ground, two
Kalantariet al. [4] addressed the DBS placement problentypes of path loss are considered, i.e., line-of-siglatS(and

by maximizing the number of UEs covered by the DBS, angon-line-of-sight NLoS) [4], [10].

Sunet al. [5] minimized the total average latency ratio incurred Probabilities of a LoS¥ ;) and NLoS { ) transmission

by BSs; Wanggt al. [9] determined the optimal drone positionbetween a transmitter and a receiver are expressed in Eq. (1)

that minimizes the transmission power in provisioning acdet Here,a andb are constants, which are determined by the en-

UEs; Goyalet al. [6] maximized the total average data rate ofironment (rural, urban, etc.p, = arctan(%) is the elevation

either downlink or uplink for FD enabled small base statiorsngle, 1 is the altitude of a DBS, and is the horizontal

(SBSs); Siddiqueet al. [7] maximized the overall achievabledistance, respectively [4], [11].

rates of SBSs via access/backhaul spectrum allocatiorewhil Uy =[1+ax exp(_b(&)@ —a)) !

considering both IBFD and out-of-band FD backhauling. 8inc ™ 1)

Uy=1-Vg
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(a) Half duplex transmission (b) Full duplex transmission

Self Backhaul
O interference ~""°" > interference
Fig. 1. Half duplex and full duplex communications with DBSs.

lossT' instead of the exact path loss of the LoS or NLoS, &l, and a UE associated with a DBS will be affected by the
detailed in Eq. (2). Herey;, andny are the additional mean transmission power of the backhaul from the MBS to this DBS.
losses of LoS and NLoS links. is the carrier frequency;, Then, the data rate of the backhdiilis formulated as Eq. (6).

is the speed of light, and = /(h? +r2?) is the distance T o

between a DBS and a UE [4]. 15 = Bplog(1+ 32225), j€B (6)

J
F=meWe +nn ¥ +200og(dmfed/c) 2) Here, P, ; is the transmission power from the MBS to the
After substituting®?;, and ¥ into Eq. (2), we can trans- jth DBS;T'; ; is the path loss from the MBS to thgh DBS
form Eg. (2) into Eqg. (3). As a resulf is a function of (by Eq. (2));8s is the total backhaul bandwidth for a DBS,
h and r, implying that the path loss is a function of thewhich is reused by both the DBS’s backhaul link and its access
altitude and coverage of the DBS. For a giigrthe coverage links towards UEs £z is set to3.3 MHz in the simulation);
radiusr of a DBS is a function of its altitudé. Note that 0]2 =g x Ny is the thermal noise powery, is the thermal
20log(4m fod/c) = 20log(4m f./c) + 20log(r/cos0). noise power spectral densitfs; =), p; j/Cs; is the residual
S| experienced at the DBS, andCys; is the residual self-
nL — NN A fed
-+ 20log(

I'= +n 3 interference power 7].
1+ ax ea:p(—b(—lgg*‘g —a)) c ) v @) 71
Ill. PROBLEM FORMULATION

B. Communications Model ) ] )
After the locations of all DBSs are determined, each UE is

We assume the transmit power-spectral density of each gg‘sociated with the BS that has the highest SINR
is constant [12]. Lep; ; andb; ; be the allocated power and  \ tations (given): '

frequency bandwidth for théth UE of the jth BS (note that ;. v« \umber of DBSN = |B/|
each UE is associated with only one BS); denﬁﬁ?.as the 2%, yue: the location of theith UE.
signal to interference plus noise rati8INR) of the ith UE Py the maximum transmission power of a MBS
towards thejth BS, as detailed in Eq. (4). Pp: the maximum transmission power of a DBS.
{pi,jh;,ﬁ j=1 dmin: the minimum data rate for each UE.
Sij = ’

DT ieBLi =1 (4) ¢;: the power-spectral d¢n§ity of thieh BS.
’ Py j(j" = 1): the transmission power of the MBS towards the

Pi,j ‘hi,j’ |2JF‘7'2 ’
Here,h, ; is the channel gain between theh BS and theith Jth DBS for the backhaul link.
UE; T, ; is the path loss of théeth UE when it is associated ~Variables: . _ . _
with the jth (j > 1) DBS; 02 = b, ; * Ny is the thermal noise Wi.j: binary va_rlableil if the ith UE is associated with thgh
power, and\, is the thermal noise power spectral density. BS; 0, otherwise. . .
Let ¢; ; be the data rate of thigh UE from thejth BS. Then, bi,;: the bandwidth of thgth BS allocated to theth UE.
a UE’s data rate is determined by; andb, ; according to Pi.j: the transmission power of thith BS allocated to théth
the Shannon Hartley theorem [13], as shown in Eq. (5). HE- ] )
reduce the problem complexity, we assumg = b;; * (;, 1%i:¥j,h;}: 3-D co-ordinates of thejth DBS; h; is the
where (; is the power-spectral density [14]. Then, we onlgltitude. o _
need to allocate the bandwidth for each UE. Pj: the total transmission power of thih DBS towards its
g o associated UEs, whet = . b; ; * (j * w; ;.
9uj = bijloga(l+ 5i;) ®) @, the total throughpﬂl?t of tzr%g’th JBS,j<I>j = JZZ bij-
There are two types of interferences in our network: Sl at the The objective of the DSP-IBFD problem is to maximize the
DBS, and backhaul interference [6], [7]; DBSs will expeden throughput of the whole network as expressed in Eq. (7).



Algorithm 1: Dynamic-DSP Algorithm

) Input : (zi°,yi') and other parameters in Table I;
max P 7
55l i g2i g Z ! % Output: {z;,y;, h;}, wij, bij;
J 1 for j € B’ do
s.t.: 2 calculate the weight of UEs ia'; by Eq. (15);
) 3 getx; andy; with the highest weight;
Zwid =1 Vieu ® . remove UESs in the coverage of thth DBS;
/ . , 5 calculate SINR of all UEs and all BSs;
wij» = 1,5 = argj(maxs; ), Viel (9) 6 geth; with the best average SINR of all UES;
. / 7 calculate the UE association based on the best SINR;
Z bij < [fj, Vi€EB (10) g allocate the bandwidth and power to UEs in MBS according
i to Eq. (13);
P;<Pp, VjeB (11) o assign the redundant bandwidth and power to the UE which
has the best SINR in MBS;
c oy ;
sz}j/ * Cjr + Z Py <Py, Vjj=1 (12) | ;_ 0, D=1, D; =1, PF = Pp /2541 vj;
i 3,3#5" 11 while D > 0& L < Lyae do
Gij > Wij *dmin, VielU,jeB (13) 12 set maximum available powe?;"** = > P}, Vj ;
. } L 13 | for jeB do
hmin < hj < himaz, Vj €B (14) 14 allocate the bandwidth and power to UEs by
; : ; Eq. (13);
BSEq. (2) Ilzmpozes each Ulfhtc': be erl]ssgélqted Wlth.otnlg O?{; assign the remaining bandwidth and power to the
, and Eq. (9) ensures that eac JE is associated wi UE which has the best SINR:
the BS with the best SINR. Eq. (10) is the backhaul data it (32, ¢i — f3)/1i] < e then
rate capacity constraint, and it ensures that the total ddéa 17 Dj=0,andD =3, D; ;
of a DBS cannot exceed its backhaul capacity. Eq. (11) ¥ continue;
the power constraint of each DBS, and it ensures that the it 3, ¢:; > f; then
total transmission power of a DBS towards its associated Uks | setP/*! = pp/2tthtt;
should not exceed the maximum available power. Eq. (12) else
is the power constraint of the MBS, and it ensures that L setPjL“ = —Pp /20

the aggregated transmission power of the MBS towards its L
associated UEs and all DBSs should not exceed the maximtim|_ L =L +1, andD =3, D;
available power. Eqg. (13) is the minimum data rate condtraies updateb; ; = pi ;/;, wi,j, and Pj;
and it ensures that each UE's data rate should exceed the

minimum threshold when it is associated with a BS. Eq. (14)

is the altitude constraint for a DBS, and it provides thpandwidth of each DBS are allocated to its associated UEs
lower bound and upper bound altitudes for placing the DBSuch that the aggregated data rate of these UEs is close to
respectively. the DBS’s backhaul capacityifes 9-22). The complexity of
Stepsl-4 is O(Cy, /C;|U||Bl); that of Step$-6 is O((hmaz —
hmin)/Ah|B]), whereAh is the increment of the altitude used
The DSP-IBFD problem is a non-linear non-convex conn the iteration; that of Step is O(|U|12]); that of Steps2-23
binatorial optimization problem, which can be decomposego(|B|(|U|+1og(|U])), and they can repeat for at mdst,,
into the DBS placement problem and the resource allocatiges in the worst case. Thus, the complexity of Step23
problem. The DBS placement problem is a set cover problegan reachO(L,,..|B|(|U| + log(|U|)). Therefore, the com-
which is NP-hard, and hence it is hard to find the optim@jexity of the Dynamic-DSP algorithm i©(C,, /C;|U||B| +
solution [6]. Hence, we propose two heuristic algorithms tg,, ... — h,....)/AR|B| + |U|'Bl + Lpas | Bl(|U] + log(|U)))).
solve this problem, namely, the Dynamic-DSP and Fixed-DSP
algorithm. & =1+ (@} —25)* + (i —y)") " (15)
The Dynamic-DSP algorithm is summarized Aigorithm  For the Fixed-DSP algorithm, we place all DBS in fixed

1. Here, Eq. (15) defines the weight of thia UE for the |gcations, and then executénes 6 — 22 in Algorithm 1.
DBS placement; we assume the coverage of the DBS;is

which is only used for the DBS placement; the maximum loop V. PERFORMANCEEVALUATION

numberL,, .. is used to iteratively find the resource allocation In this paper, we consider three DBSs and one M%) &

of the DBS, which best matches the backhaul capacity and #)ein an urban area (i.e., the coverage area of the MBS is
data rate of UES’ access links;is a given small deviation 500 x 500 m?). The frequency spectra of all BSs are around
value. Each BS provides the minimum data rai@0(kbps) f = 2 GHz. We set the maximum transmission power of a
to all associated UEs first, and the remaining power amBS asPp =1 W, and that of the MBS a#,; =4 W. The
bandwidth are then assigned to the UE which has the highesthaining parameters, such @sb, nr, andny, are listed in
SINR to achieve the highest throughput. We first find th&ble | [4].

locations to place all DBSsLines 1-5), and then get the Fig. 2 shows the network throughput achieved by the
UE association and allocate bandwidth and power to UBs/namic-DSP and the Fixed-DSP algorithms for different
associated with the MBS_{nes 6-8). Afterwards, power and altitudes where the total number of UEs in the network is

IV. HEURISTICALGORITHM
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Fig. 4. DBS placement by Dynamic-DSP.

linear non-convex combinatorial optimization problemdan
can be decomposed into the DBS placement problem and
the joint bandwidth and power allocation problem. We have

proposed two heuristic algorithms based on different DBS

placement strategies to solve the DSP-IBFD problem. Sim-

ulation results have demonstrated that the network thnpugh

achieved by Dynamic-DSP 5% and8% more than that of

without DBSs and that by the Fixed-DSP strategy, respdgtive
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