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This document presents the analytical framework to characterize a Phantom cell D-
TDD network employing frequency reuse techniques. We evaluate the expressions for
coverage probability, rate and average energy efficiency taking the aid of stochastic

geometry. Monte-Carlo simulations validate the correctness of the expressions.
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Introduction

According to recent study, mobile data traffic is expected to grow 500 times between 2010 and 2020[1].
To respond to this demand, 3GPP standards body has initiated studies on the further evolution of LTE/
LTE-A, referred as LTE-B. Enhanced Local Area (eLA) is a solution that offers high data rate to user
terminals (UEs) along with high system capacity through spatial reuse of spectrum. The 3GPP has also
been studying dynamic allocation of sub-frames to uplink (UL) or downlink (DL) in Time Division Du-
plex (TDD), called Dynamic TDD. Here, we focus on a particular architecture proposed by DoCoMo,
called the Phantom Cell architecture. This has no cell-specific signaling, and hence dynamic DL/UL slot

reconfiguration and dynamic DL power control can be easily realized.



Phantom Cells:

DoCoMo has proposed the Phantom Cell small cell architecture [2], [3] as a readily-implementable and
robust solution yielding high system throughput together with spatial reuse. A detailed description of the
architecture may be found in [6]. Some key features are summarized here:

1) Small cells handle traffic for high-throughput data sessions with UEs, but control signaling is handled
by the macrocellular layer. Each macrocell controls a set of small cells through a master-slave relation-
ship, and the small cells do not transmit any cell-specific signals (hence the name Phantom Cells). This
also relaxes the backhaul and signaling requirements between the small cells and the controlling macro-
cells compared to a conventional RRH deployment.

2) Scales from relatively low density to very high site density (for crowded high-traffic urban areas).

3) Deployment in dedicated higher frequency bands, such as the 3.5 GHz band, for indoor and outdoor

applications. There is no interference with the macro LTE network in lower frequency bands.
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Figure 1: C-Plane and U-Plane split used in Phantom cell architecture.

Prior Work

The use of stochastic geometry to model base stations and analyzing the network is very tractable in
dense areas[4]. We use various frequency reuse techniques to mitigate the interference. The most useful

of these are Fractional Frequency Reuse techniques whose coverage in an OFDMA network has been
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studied[5]. Deployment of phantom cells in D-TDD setup with OLPC has also shown good downlink
coverage[6]. We use the expressions from literature and analyze the network with both Dynamic time

division duplexing and fractional reuse techniques arrangement.

System Model

Poisson point process:

The cellular network model consists of base stations (BSs) arranged according to some homogeneous
Poisson point process (PPP) ¢ of intensity A in the Euclidean plane[4]. Consider an independent collec-
tion of mobile users, located according to some independent stationary point process. We assume each
mobile user is associated with the closest base station; namely the users in the Voronoi cell of a BS are

associated with it, resulting in coverage areas that comprise a Voronoi tessellation on the plane.

Figure 2: Poisson distribution of base stations and users, with each user associated with the nearest BS.



Nearest neighbour:
From [4] we also have, P[R > r| = P[No BS closer than r] = e—Momr?,
So, the cumulative distribution function (CDF) of R is P[R < r| = Fr(r) = 1 — e and the

probability density function of R can be got as
Fr(r) = 2m\re ™ 1 >0 (1)

Path loss and Fading:

We consider both the path loss and fast fading as the propagation model, where path loss exponent o > 2,
the small-scale Rayleigh fading is used to model the fast fading between the transmission points and the
receiving points. The transmit power of the serving base station is given by P, and transmit power of UE
is P,. Thus, for the calculation of the DL SINR, the received power of the desired signal at the typical
UE at a distance R from its BS is given by P, g, R~ “, where g, is i.i.d. exponentially distributed with
mean u,. While, for the calculation of the UL SINR, the received power of the desired signal at the
typical BS a distance R from its UE is given by P,g,R~%, where g, is i.i.d. exponentially distributed

with mean f1,,. The noise power is assumed to be 2.

Interference:

When we have dynamic TDD with incomplete coordination and/or imperfect synchronization across
phantom cells, there is additional interference on the DL (UL) subframes from out-of-cell UL (DL)
transmissions. This arises because of possibly different sequences of UL and DL subframes in the radio
frames for different phantom cells, where the start and end times of these subframes may not be exactly
aligned. The set of interfering base stations is Z; (i.e. base stations that use the same sub-band as user y)
and at a distance of D; from the parent base station. Similarly, the set of interfering UE’s is Z; and at a

distance of D; from the parent base station.



Empty cells:
In this model, we also consider the BSs that do not have any UE to serve[7]. We call these cells empty
cells and will not provide any interference to the network, which means these BSs are inactive. From

[8], we know that a typical BS will have a certain probability to be active, we denote it p,, given by:

A —3.5
n=1—11 “ 2
P ( +3-5/\b) (2)

Given p,, the active BSs can be approximated as a PPP ®;, of density ps\p.

Implementing D-TDD :

The transmission direction of a typical cell is unaltered during one transmission time interval (TTI),
which means either DL or UL and this will not change in the duration of a TTI in dynamic TDD cellular
networks. In order to reflect the randomness of the cell transmission. We use a random variable pg;,

uniformly distributed in (0, 1) to determine the transmission direction of a typical cell, given by[7]:

.. . . DL, Ddir < A.
Transmission direction = 3)
UL, pgir > A.

Cell0 UL~
Cell0 UL"
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Figure 3: Model of a dynamic TDD system.



Signal to Interference Noise ratio:

Downlink SINR is given by:

P,g,r=¢
SINRpp = 54— 4
DL= o “)
Uplink SINR is given by:
Pygyr—®
SINRyr, = 5
UL= T (%)
Interference here is caused from both downlinks(z;) and uplinks(z;) and using [7] is:
L=I,+I,=) P.G.D.*+)Y P.G. D" (6)

zZ€1 z€J

Interference Model

Fractional Frequency Reuse:

The basic idea of FFR[5] is to partition the cells bandwidth so that:

(i) cell-edge users of adjacent cells do not interfere with each other and

(ii) interference received by (and created by) cellinterior users is reduced, while

(iii) using more total spectrum than conventional frequency reuse.

Figure 4: Strict FFR (left) and SFR (right) deployments with A = 3 in a standard hexagonal grid model.



We model the BS locations as a Poisson point process (PPP). One advantage of this approach is the abil-
ity to capture the non-uniform layout of modern cellular deployments due to topographic, demographic,
or economic reasons [9], [10], [11] and additionally leading to more general performance.

Two common FFR deployment modes:

1) Strict FFR: Strict FFR is a modification of the traditional frequency reuse used extensively in multi-
cell networks [12], [13]. Users in each cell-interior are allocated a common sub-band of frequencies
while cell-edge users bandwidth is partitioned across cells based on a reuse factor of A. In total, Strict
FFR thus requires a total of A + 1 sub-bands. Interior users do not share any spectrum with exterior
users, which reduces interference for both interior users and cell-edge users.

2) SFR: This employs the same cell-edge bandwidth partitioning strategy as Strict FFR, but the interior

users are allowed to share sub-bands with edge users in other cells.

How the FFR Model works

Conventionally, a mobile tries to connect to its nearest BS and is in coverage if it is connected. With
FFR, A mobile computes its SINR to the nearest BS, and if it is less than the threshold T'rg, then the
BS chooses to transmit in a different FFR band randomly picked from A sub-bands reserved for the FFR

users[5]. If such a shift occurs, we term the mobile as a cell-edge user and as an interior user otherwise.

In Strict FFR, the users who have SINR less than the reuse threshold Txr on the common sub-band
shared by all cells and are therefore selected by the reuse strategy to have a new sub-band allocated to
them from the A total available sub-bands reserved for the edge users and experience new fading power

and g, and out-of-cell interference fz. Hence, we have

Py=P,=P (7)



SFR uses power control, rather than frequency reuse for the edge users, controlled by the design parame-
ter 3. Additionally, the base stations can reuse all sub-bands, but apply (3 to only one of the A sub-bands.
ie.

Pedge = BP (8)

The interference is given by:

Tz = Lint + Iedge = Z PsziDz_ia + Z PszJ'D,;ja + B Z PsziDz_ia + Z PszJ'D;ja
zZ€1 z€j zZ€1 z€E€J
(10)
which can be simplified as nPI, where I, is from (6) and 7 is the effective interference power factor,

consolidating the impact of interference from the higher and lower power downlinks given by:

CA-148
n=——Fx— (11)

Coverage Probability

We now discuss the coverage probability in dynamic TDD cellular networks. The coverage probability

for a typical receiver is defined as [4]:
pe(T, N\, a) =P[SINR > T] (12)

which is equivalently

(i) the probability that a randomly chosen user can achieve a target SINR of 7T',

(i1) the average fraction of users who at any time achieve SINR of 7', or

(iii) the average fraction of the network area that is in coverage at any time. The probability of coverage

is also exactly the CCDF of SINR over the entire network, since the CDF gives P[SINR < T
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Theorem 1(Strict FFR, edge user): The coverage probability of an edge user in a Strict FFR network

with dynamic TDD is F prp(T) =

- 2 _ 2 —mp(T+Tpp)a®r®
pc(T7 >\b7A7paaa> A) _ fOOO 2w Apre Ao e mme 2mayar € P dr

(13)
]- - pc(TFRa )‘ba Aa Paa O[)
where,
oo 2 «a dl oo T _ wl foo T
. o —pupTo?r —2TA fr N xdx 271')‘?; fr z “ﬂxdm
pe(Ty Moy A, pay i, A) :/ 2m\re N e T e bl (%) e (5w T dr
0
0o 2 —upTpRo?r® —27 A1 f:o TFiR”Idm —27 A2 f7°° TFinauba:dx
Pe(Trr, Apy A, pa, @) :/ 2\ re” ™ e P e et ()T e et (5) 0 dr
0

Proof: An edge user y with SINR < Tpp is given a FFR sub-band §,, where 6 € {1,...,A} with
uniform probability %, and experiences new fading power g, and out-of-cell interference I, instead of
gy and[;.

The CCDF of the edge user FF FR,e(T) is conditioned on its previous SINR:

— F)A —Q
= FFFR,e(T) =P (Uzgj-:?fz >T

Pgyr—«
s2pr, < 1IF R)

Using Baye’s theorem:

Pgyr~® Pgyr~®
P (Uzﬂjfz > T, Pl < Trr

P (PQW" < TFR)

02+PI,

Assuming g, and g, to be exponentially distributed according to exp( )

2 ~ 2
E [euma((zgﬂz) <1 _ eubTFRm;HZ))]

E {1 _ e—MbTFRT"“(%-i-Iz)}



2 . 2 . 2
E |:e—,ubT7“a((;+Iz)] - [e—MbTTD‘(‘}+Iz)e—MbTFR7“°‘(C}+Iz):|

E [1 _ 6_/JbTFR7'a(%+IZ):|

wio? r —up (T+ TR R)o2r® P
E [eubTr (P+Iz):| ) [ewe_ﬂbra(TIz"FTFRIz)]

= : (14)
E {1 — e_MbTFRTa(%+Iz):|

Expanding each of the terms independently:

—up (THT 2,a 5 —uy (THT 2,0 -
]E |:€ pp( +PFR)U T eﬂbTa(TIZ+TFRIZ):| _ ]E |:€ pp( +PFR)U T 6(51123212):|

From equation (6):

e e ] e e )

Assuming G z» G, to be exponentially distributed according to exp(up) and G. z;» G-, to be exponentially

distributed according to exp(p,,) :

- 1 b
N Y-
11 py + 52Dz A piy + 51Dz

” 1
H Mi_a 1— — (1= L_a (15)
P + 32Dz]- A e + SlDzj

E

Using PGFL of Poisson point process[14]:

o _ 2fo0fq__ 1 f(q_1fq__ 1
E [6—8112—8212] —e 2mAir fl |:1 +Tppe— ¢ (1 A(l 1+T:c_°‘>):|xd$

—2mAor? [P 1l—— L —— [ 1-L [ 1——F— zdx
e fl 1+TFRZ—7;1' a A 1+T‘:L—7;z a (16)
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Similarly the other terms can be solved,

xdr 2T [° oy rde

2« dl oo T T
—pupTo“r —27TA\ R S
- P e b fT T+(%) e T+(%) Hu dr

2 ~ o0
— oo _ 2
E [e mpTr (P”z)] :/ 2mApre ™ e
0

(Expand I - using (6) and decondition on r)

T
[ —TER___pdy —27X2 [ e
e

5 00 T 2,0 ooy zdzx
= [e#bTFRra(§o+IZ)] :/ 271')\;,7’6*”‘177"2@%6 T e TR H(E) i
0

TFR"'(%) M dr

(Expand I, using (6) and decondition on r)

Hence substituting all equations back in (14) to get the final expression:

2 ~ _ T+T 2«
E[e—ﬂbTro‘(%+Iz)] _ fooo 27T)\b7,6—7r)\br26—27r)\171r2 6—27r)\272r26—”b( PFR)U - dr

(7)

E [1 _ e_NbTFRTa(%+Iz):|

where,

= /OO 1 1 1 1 1 ! d
mn= 1 1+ TFR[L'_a A 14+ Tx—« rar
= /OO 1 L 1 L 1 L d
2= 1 1+ TFRZ—”;x—O‘ A 1+ TZ—Z:L‘—O‘ v

d_ PalpA
Ay = A
)\ul — pa)\b(l A)
A
AL = paAbA

A2 = parp(1 — A)
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Theorem 2(Strict FFR, cell interior user): The coverage probability of an interior user in a Strict FFR

network with dynamic TDD is Fppg;(T) =

P <Pg2ﬂ_cx > max (7, TFR)>

o2+PI,
Pgyr—« (18)

P <02iP1z > TFR>

Proof:
- . Pgyr—¢ Pgyr—©
Frrri(T) =P (oﬁmz > T\ 2pr > TFR)
Using Baye’s theorem:
Pg,r—«
P <0_29;;IZ > max(T, TFR)>
Pgyr—«
P <02+PIZ > TFR>
N max(T,Tpr)r®(c?+PI,)
P (gy > P
- TFRTQ(O'2+PIZ)

P (g, > T G
Expand I, using (6), decondition on r:
Use g, and g, ~ exp(ip),

(o) T
—upT1o2r® 27y [*° le ~xdr —2TA2 fr ﬁxdw
e omhpre ™ e P e W= macpee, Y 19)
= — =
—up Tppo2ra  —ox\; [ TrR ~xd —27 A2 " %xdm
fooo 27r)\bT€_7r)‘br2e My FPR e s 1fr TFR+(%) x xe f TFR""(?) {711 dr
where,
A== X

Ty = max(T, TrR)
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Theorem 3(Soft Frequency Reuse, cell edge user): The coverage probability of a cell edge user in a

SFR network with dynamic TDD is Fspp (1) =

UQTQ

— 2 2 2 _ AN,
Pe(BT, Ny, A, pay 0, A1) — [ 2m\yre ™ e=2mh i g 2mdanar? T (G HTPRITE g

(20)
1-— pC(TFR7 Abv Aa Pa, &, 77)
where,
0o T2 —2TAL joo ﬂT,’ sxdr —2mwA2 f:o ﬁ“T —— xdx
(BT, Aoy A, Py, Ay m) :/ 2mApre ™ e T AP e Toref(%) e Tt (8) dr
0
00 2 —uyTppo?r® —27T\1 j7°° %mdm —27 o f:o %xdm
Pe(Trr, Ao, A, pa,t,n) :/ 2T \yre TN e P e Trrt (%) e tertg (5) 0T g
0

Proof: An edge user y with SINR < Tpp is given a SFR sub-band 4, where § € {1,..., A}, trans-
mit power 3P and experience new transmit power 5P, fading power g, and out-of-cell interference L.

The CCDF of the edge user Fspp (T is conditioned on its previous SINR:

BPgyr
o2 +nPI,

Fsrre(T)=P (

Using Baye’s theorem and simplifying similarly as above theorems:

2 - 2
—upTre (70 tﬂnpl‘z ) —uTrRr® (70 tuPly )
e 1—e
2
E {1 _ e*MbTFRra<7" +1’3’P1Z>}
_ Tro d2+nPIz
HE e 12273 8P

= @1)
1-E [e‘“bTFRT“("“EP“)}

E

" X
_E [e—ubazro‘(;}ﬁ‘Ij;R)e—ubUT“(Téz +TFRIz):|
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Expanding each of terms independently:

E I:efm,a?ra(ﬂlerTF?R e,#bm,a(ng +TFRIZ):| - [67“502"‘“(ﬂlpJFTFTR)e(_sljz_SzIZ)}
L |:6—slfz—3212} _E [6—51 (S Go D=2+ 50 Gy D2 ) (18:26,)—52 (5 G, DL+ szpzja>] )

Here, 6, = 6, holds always and hence is equivalently setting A = 1 in (15).

Assuming G;i, G, to be exponentially distributed according to exp(uy) and G;j, G, to be exponen-

o T a(TIz
tially distributed according to exp(py) : E [e_“ba2r (gp+=5) g mpnr™ (g +Tr RIZ)] will be expanded

using £(s1, s2)

Hb Mo Hu Hu
= L(s1,82) = E E
(51,52) {H pp + s Rz (Mb+51Rz_a)] {H o + 52 R <Mu+isz‘“)]

Using PGFL of Poisson point process[14]:

oo 173 My
(51, 82) = eap ( T /7‘ [ Hp + Sox ™ <Mb + Slx_aﬂ ) x>

> oy My
=27 1— d 23
exp< " 2/r |: P + S22 (Nu+51$a>:| ! 33) 29

substituting s = Mbraﬁ% and so = urnTrp

T &0 1 1
L(upr®n—, ppr*nTrr) = exp | —27A r2/ 1-— xdx
(1o g Mo FR) p( Tt | [ [y y— <1+77/3!E°‘>] >

o0 1 1
exp | —2mwA\ r2/ 1-— zdr 24
p( ", [ 1+mew—a(1+m£w)] )”

Finally deconditioning on r and evaluating gives:

—oro( T L TFRY _ oo TL & 2 2 2 (T o?r®
E |e o (gpt=F") g —Honr® (T3 +TFRIZ)] _/ 2 \pre TN e 2T o =2mAanar? o~ (G HTER) T gy
0

(25)
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Similarly the other terms of (21) can be simplified as:

2 PI o0 2 «
,ubTr&(W) 5 —mpTo’r —ppTn —a —a
E |e o = ImAgre T e T BP e f T (L Gn DT G D) g
0

(Using gy, gy ~ exp(1w), expanding I, using (6) and deconditioning on r)

_ of o24nPI, o0 —upTo2r®  —2mAy [0 —F ——xdr —2m A2 I %xdw
=L [e polr ( pP )] :/ QWAbre_”AbrzeTe T+ () e T+ i (F) dr
0

and similarly the denominator term becomes:

T T
_ a a2+nPLz) > 2 —mpTpgo?r® —2mA [ ——Eiosmade —2mhg [F — T wde
E[e #oTrar ( P :/ 2m\pre TN e TP e Trrt5 (%) e ety (8) 0 g
0

Substitute all terms back in the main equation:

24nPI ,
—ppTre (%) ) ) 2 (T Ty 220
g - fOOO 27T>\bT€_7r)\bT 6_27‘.)‘1’717' e—27l’>\2’727‘ e ;u'b( B + FR) P dr

1-F [6_“””7"“ (Pt w

/oo 1 1
v = 1-— rdx
1 L+ nz=Trr \ 14+ ngz=@

/OO 1 1 1 d
= - xdx
L Lt ne=Trry> \ 1+ nfhta—e

A= pa)\bA

E (e

(26)

where,

A2 = pap(1 — A)
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Theorem 4(Soft Frequency Reuse, cell interior user): The coverage probability of an interior user

in an SFR network with dynamic TDD is Fsppri(T) =

Pd,r—¢
P (% > max (7, TFR))

Pgyr—«
P (m > TFR)

(27)

Proof:
For interior users there is no extra  power control in their transmit power, only the effective interference
power factor 7 remains in the expressions.

@

>TM>TFR

_ P
Fsrri(T) =P | 3% o+ PT,

o2+nPI,
Using Baye’s theorem:

Pd,r—<
P (H25r > max(T, Tr) )

P (M > TFR)

o2+nPI,

A T (024 PI,
]P (gy > max( FR); (O’ ))

T, a(g24PJ,
P (gy > %)

Assuming g, and g, to be exponentially distributed according to exp(s1;) and deconditioning on - gives:

7,u,leo'2'ra —QW)\lfroo(l—Axdx) _271—)‘2]:,«00(1 “7uxdx>
e

fo 27?)\bT€_7r>\bT2€ P e Hpts1eT e putsiz—® dr
Hb .
—pp TpRro2r®  —2wA1 m(l**ﬁldl) —27T\ w(lfﬂiu d )
I 2r\pre~ TNl e T P e Jr Hpte1eT e 2J; wutsiz—@ ) g

substitute s; = ppT1nr® and se = wpTrrrn in the above equation to finally obtain:

_ D e T (1-rttemate) e 7 (1 eds) (28)
Jo© 2mApre o ew e_%)\l I (1_ %Jrg%xdx) T (1_ PR xdx) dr
where,
Al=Ad=Np

T1 = max(T, TFR)
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Average Achievable Rate

We define the average data rate for a typical BS or UE where adaptive modulation coding (AMC) is used

so each BS or UE can achieve Shannon bound for their instantaneous SINR[4].

T\, ) = E[ln(1 + SINR)]

(29)

Theorem 5(Strict FFR, cell edge user): The rate achieved by a cell edge user in a Strict FFR net-

work with dynamic TDD is Tppr(TrR, A, o, A) =

A-B

dt
t>0 1—C

Proof: The achievable rate is:
00 Pér—
= / e_”)‘br227r)\brE [ln (1 + gyrA)] dr
0 o? + P-[z

= Trrr(TFR, A\, A) :/ e”’\“’?/ 2 \yr P [(%)] drdt
0 >0

where,

P —Q
Py _ TFR)

Pg,r=°
Plx)]=P|In({1+ ‘qJA) > 1
()] ( ( o2+ PI, o?+ PI,

Pgyr— Pg,r—®
P [in (14 Z82) > 4, Do < Tiog)
Pgyr—«

Following our regular procedure of simplification we get:

[o'e] 1 oo 2]
—2m A 0 ade 2N [ O ada
e " pac Jr (5", bac T e (B) Gk gy

o0 2 029
A :/ 2m\pre TN e T T
0
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(32)
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2,a

o0
_ 2 2 _ 2 o“r®
]B:/ 271')\[,7’6 TAT e 2T YT e 2T A2y2r e wy(0+TrR) 7 dr
0

oo Tr
0'271;1?]{ o —27T A1 froo wxdr —2mA2 fr Tindx
e e

T
Tt Z)X EL +(z)>En
FR+(7‘) FRT\r Ky d’r‘

o0 2
C :/ 2m\pre” T e T b
0

—/Oo 1 ; 1 l 1 ; d

n= 1 14+ Trpx—® A 1+ 0z« var
71 (5 (i)

T2 = - JEp— A o Hu o —av rar
1 1+TFRbe A 1—}—9;%33‘

where,

a _ PaNA
)‘bac - A
)\ul _ p(l)\b(l B A)
bac A
g=e —1
/\1 = pa)\bA

)\2 = Pa>\b(1 — A)

The numerator of our final rate expression is :

di oo 6 —2mApt [0 — O ad
a6727r)\bacfr Wwdw@ A i o+(2)> b zaw

e 2 0‘29
:>/ 2 \pre TN e T T w dr
0

[o¢] 2 «a
2 2 2 t iy
_/ 2 \prre” T g T 2T AT g =2 Az y2r e ho (' =1+TrR) 7= g
0

and the denominator is :

) w T _ oo Trp
2T —27\ —TER___ydy —27A2 |, ;e
e, 1); Trr+(3) 7 e e ()

o0 2
1 —/ 2mApre” T e T b
0

Our final analytical closed form is obtained by integrating %‘JJB over time

=7 / A-B,
TFFR =
>0 1—C
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Theorem 6(Soft Frequency Reuse, cell edge user): The coverage probability of a cell edge user in a

SFR network with dynamic TDD is Tspr(TrRr, A, o, 1, 5) =

P-Q
dt 39
/t>0 1-R %

Proof: The achievable rate is:

00 Pér—
- / e ™ 2 Ay B {m (1 e T >] dr (40)
0 o2+ Pnl,

= ?SFR(TFRJ A, @, , ,3) = / eiﬂ)\brz / 2w \prP [(*)] drdt 41
0 t>0

where,

BPgyr—“ BPgyr—<
P [ln (1 n 02+;an) > ¢, BPour® o TFR]

= P ~a
P (%55 < Trn)

Following our regular procedure of simplification we get:

0o 2y —2mAL [° 0 zdr —2mAg [ — _ gdx
P = / 2w Ayre TN e TR e TR TR @2)
0
o0 0 2«
_ 2 _ 2 2 _ *-‘rT )o’ T
Q:/ 271')\1,7‘6 TART e 2T Y1T e 2w A2 y2r e Mb(ﬁ FR) p dr (43)
0
—2mAy [° TFiRaxd:p —2mAp [° %zdz
Trr+7(F)% in dr (44)

2
”ﬂra r TFR+%(%) e

o0
I
IR:/ 2m\pre TN e T TP e
0
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where,

/Oo 1 L 1 L 1 L d
= - T T - - T xrax
M 1 14+ Trppx—® A 1+ 0z~
© 1 1 1
72:/ l— — (1— (1_uu a))]xdx

0=e —1
>\1:pa)\bA

/\2 = pa)\b(l — A)

The numerator of our final rate expression is :

oo %) oo 0
o260 o —27A1 [ 9+ﬁ(%)awdx =27z [ Wmdz

(e ¢]
. 2 _,, 0“0
:>/ 2 A\gre TN e T EP T ¢ n e
0

and the denominator is :

T 0o T
2T —2m\; [ —EB ___adx —2mhg [0 —FR o qdy
Fhre, : Tprty(F)* 7, T oTpRrtn (B)YEE T gy

o0 2
1 —/ 2 A\pre TN e THD
0

Our final analytical closed form is obtained by integrating % over time

P-Q
>0 1 =R
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(46)

(47)



Average Energy Efficiency

Energy efficiency is defined as the number of information bits that can be reliably conveyed over the

channel per-unit energy consumption. We have average energy efficiency of a typical BS or UE by[7]:

(48)

AEE:E[ fate ] :E[IH(HSU\’R)]

Power P

where P is the power consumption of BS or UE.
We do not exclusively derive the expressions for this as it is very apparent from the previous derivations

of rate expression.

Conclusions

In this document we have investigated an analytically tractable model of coverage, rate and energy ef-
ficiency for dynamic TDD cellular networks that employ fractional frequency reuse techniques. The
presented work is to study this model based on stochastic geometry in dynamic TDD cellular networks.
Based on a stochastic geometry, we first derive the expressions for the coverage probability of a phantom
cell network (which is a homogeneous network as macro’s do not interfere with these) and then extend

it for the average achievable rate.

Future Work

A instinctive extension of this work is to cover the cellular uplink. Comparison of the performance of
these frequency techniques with the traditional frequency reuse to see the benefits and trade-offs for
uplink and downlink will give us an insight to use the appropriate reuse technique for a model. A more
cumbersome but utile model is to consider open loop power control (OLPC) being applied to users and

base stations(phantom cells) in the D-TDD network and similarly derive the analytical expressions.
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