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Goal !

Resource allocation in OFDMA cellular network:

As found in the OFDMA literature, resource allocation can be broadly classified into 3
types:
m Utility Adaptive (UA) problem:
m Maximize a system utility function-maintaining QoS/power constraints, etc.

m Sum-rate utility: Rate Adaptive (RA) problem.

= Margin Adaptive (MA) problem:
m Minimize the total transmit power-maintaining QoS/power constraints, etc.

m Energy Adaptive (EA) problem:
m Maximize the energy efficient utility function- maintaing QoS/power constraints, etc.

m General framework for resource allocation in OFDMA based cellular networks.
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Single-Cell OFDMA Network

Single-Cell OFDMA Network

B
b 5 .
. ) baseston (85 [ Me{1,2,...,M} = User indices
/o T h " N € {1,2,...,N} = Subcarrier indices
E’ o ~f, = Subcarrier gain
. g p?, = Allotted power
y# = Binary indicator variable
? Mobile Station (MS) R,’;, :> Rate aChieved

FIGURE — Single-cell multi-user OFDMA network

Rate achieved by m™ user

Rf = log,(1 + SNRR,):  SNRp, = vmPm (1)
Total rate achieved = Rm = > logs(1 + v/mPh);i 2
neN
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Single-Cell OFDMA Network

OFDMA constraint
S yh<1, VneN 3)
meM
yre{0,1}, Vm,n

Maximum power on each subcarrier constraint
0<pm < ypP™  Ym,n (4)

B 1’ ngpngpmax
=0, o<pp<o=pp=0

Total transmit power constraint
D > pPh<Pr (5)

meM neM
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Single-Cell OFDMA Network

Problem Formulation

Utility adaptive (UA) optimization problem

max U(R1,R2,...,RM)

{Phyin}
stocr: > > ph<Pr
meM neN
co: 0<pp<ypP™, Vm,n, 6)
ca: > ym<1, VneEN,
memM

cy: ymp€{0,1}, Vm,n.

Popular utility functions

m (Weighted)Sum rate utility: >~ v (Wm)Rm
® Harmonic Mean utility: —————

= Min-rate utility: min{Ry, Ro,..., Ay}
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Single-Cell OFDMA Network

Problem Formulation

Utility adaptive (UA) optimization problem

max U(R1,R2,...,RM)
{Pmym}

st cq:

Z Zp;SPTa

meM neN

0 < pp < ypP™, vm,n, @)
> yp <1, Vnew,

memM

yh €{0,1}, Vm,n.

= The above problem in its raw form is NP-Hard
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Single-Cell OFDMA Network

Proposed Algorithm Based on IRM Framework

Smooth concave utility function

Sum-rate utility function = 3= -\, Bm

Original UA problem Let xf, = pp,/ P

max > > logo(1+ phvm) max > 3" logy(1+ P X
Pmymy e nen CRIRY e nen
st ocr: Y > pn<Pr, ) stocr: Y > PTxp < Pr,
meM neN meM neN
C2: 0 < pp, < ypp™, Vm,n, Co:0< xp <ym, Vmn,
CSZZ,V,%SL vYne N, 03:Zy,’,’1:1, vn e N,
meM memM
Cs:ym€{0,1}, Vm,n. cq iyl €{0,1}, Vm,n.

The reformulated optimization problem is equivalent to the original optimization problem.
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Single-Cell OFDMA Network

Optimal solution of y/,
min > > (yp+e)

Wat e nen

st > yp=1, Vnew, (8)
meM
yp >0, meM,neN.

Relaxed optimization problem

min D> —logy(1+ P XEm) + A D> > (ym+e)?

ORYmt  mei nen meM neN
st cq: Z Z p,’;, < PT,
meM neN (9)
Co: 0 S Xr’711 S yrr771a va n,

cg: > ym=1, VneN.
meM
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Single-Cell OFDMA Network

Relaxed optimization problem

min > ST —logy(1+ P xpam) +x S S (v + o)

avml mei nen mEM neN
convex concave
st e > > ph<Pr
meM neN (10)

co: 0 xI <yl Vmn,

cg: . ym=1, VneN.
meM

Convex + Concave function

\

Keep convex part, linearize concave part
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Single-Cell OFDMA Network

Relaxed optimization problem
DT —logy(1+ P™MxIam) + A D> > (ym+e)

n n
Umym}  meRanen meMneN — "= (11)
convex concave

s.t. ¢q,Co and c3

Can be solved using MM approach

Keep convex part as it is and linearize concave part

min 3 > —logy(1+ P xiAm) +Aq Y0 D (At + )7y,
—,_/

Oimymt mei nen meM neN (12)
convex convex

s.t. ¢q,co andcg
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Single-Cell OFDMA Network

Algorithm 1

1: Initialization: A = NP™¥ g € (0,1), 04 € (0,1),02 € (0,1),6 € (0,1), 7 > 1,
wih(1)=1Vvme MandneN;e(1)=1.

2: while (1) do

3 fort=1,2,..., Maxlir do

4: Solve the following convex sub-problem
min — > > " logy(1+ P™xym) +2q > > wh(tyn,
e ym} meM neN meM neN
s.t 61,62 and 63. (13)
5: Update:

wh(t+1) = (xp(t) + €))7
e(t+ 1) = min{e(t), SF(x (1))}

6 it > >, X)) — x7(t —1)] < oy then
7: break ;

8 end if

9: end for

10:  if f(y/(t)) < oo then

11 Stop.

12.  else

13: A=TA

14:  end if

15: end while
Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016 12/49



Single-Cell OFDMA REC Network

Single-Cell OFDMA REC Network

£ €{0,1,2,...,L} = DL path indices

ﬂ Base Station (BS) B |

t /SD B ) M e {1,2,..., M} = User indices
i ¥ N € {1,2,...,N} = Subcarrier indices
E 8 ~7 = Subcarrier gain

p = Allotted power
R7, = Rate achieved
*x € {SDm7 SR, R/Dm}

E’\ Mobile Station (M) J Relay Station (RS)

FIGURE — Single-cell multi-user OFDMA REC network

Direct Path S - D,

Relayingpath| S — R, |R; = D,,

T T Time
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Single-Cell OFDMA REC Network

Path Selection and Rate Achieved

] I‘\ g P’
E e 8 " . l\
AP
> . s —7h> .
l} Base Station (BS) g .«‘/ Base Station (BS) t
r ' 4 P e
/ / o | %
b B 3o - -
B I\ B l’g
E Mobile Station (MS) '} Relay Station (RS)

% Mobile Station (MS) J’A Relay Station (RS)
FIGURE — Direct path FIGURE — Relay path

Rate achieved Rate achieved
1 .
RS m = Rsp,, =1092(1 +~3p,_Pdp,) Rlm = 2 min{Rgg . AR p,,}

Total achievable rate

Rm=> > R, V¥meM
neN €L

May 14,2016

UA in OFDMA Cellular Networks

Chethan Kumar A



Single-Cell OFDMA REC Network

Problem Formulation

Utility adaptive (UA) optimization problem

max U(R1,R2,...,RM)

ul ul "yl
P30, 'Psr,"PRiDm }

stoci: > > {pdp,+ D (P3r + PR, < PT,

meM neN le L,I1£0
a n n
C2:  Psp, Psr PE,Dm >0, Vm,n,

c3 : OFDMA Constraint
v (14)

pgDmpgR, =0, Vimn,
pgR,pgRI/ = 07 Vi ;é / ’ lvl € ['7
pgDmpll-leDm = Oa Vla m, n,

p’,}lepgl,D;n =0, VI, Il €L.

m Reformulate the above problem

Chethan Kumar A UA in OFDMA Cellular Networks May 14, 2016 15/49



Single-Cell OFDMA REC Network

Problem Reformulation

m Let us introduce (L + 1)MN variables {p] , VI, m, n.}

P5p,,: if /=0
Plm =\ (ot i (15)
o {(pgﬂ, +PRp,),  otherwise.

min{ R2 Rngm} = is maximized if and only if

= Relaying path rate: R, = § 3R
RgR, = RE,D,,,
V8R,PSR, = VR DmPRDm (16)
m Using (15) and (16), we get the achievable rate of user m on n'" subcarrier
through /" downlink path as [Proof]
(17)

R = ajlogy(1 + B mpl m)

I,m =

n n
Ysr;YR;D .
M otherwise.

{ygDm, if /=0

otherwise.
Y8R, M VR Dm

1, ifl=0
2

May 14,2016
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Single-Cell OFDMA REC Network

Reformulated UA optimization problem

UA problem after reformulation

{rlg},?:} U(Ry, Rz, ..., Rm)

st cq: Z Z Z p/’zm < Pr,

leL meM neN (18)
co: 0L pl, <P™, Vl,m,n,
C3: P mPp g =0, VI#I,m#nm';

I,I'e Land n,n’ € N.
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Introduce binary indicator variable y,’jm

max U(R1,R2,...,RM)
{P] oY mt

st cq: Z Z Z p/er < :DT7

leL meM neN

co:t 0<pl, <y P™, Vi,mn, (19)
CGa: > > Ym<1, VneN
leL meM

c: Yim€{0,1}

Non-smooth concave utility function

Min-rate utility function = min Rmn
1<m<M

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016



Single-Cell OFDMA REC Network

Reformulated RA problem

max min  Rn
] mo¥m} 1SM=M

st cq: Z Z Z p/’zm < :DT7

leL meM neN

C2: 0<ply <ynP™, Vi, m,n, (20)
C3 : ZZy/]m§1, vneN
leL meM

Cq: y,rjm € {0, 1}

Problems to take care of

Combinatorial nature of the problem
Non-smoothness in the objective function

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016



Single-Cell OFDMA REC Network

Transformation of Non-smooth Function to Smooth Function

Introduce a new variable ¢

max ¢
{P] oY o ®}

st et X5 <P
IeL meM neN
c2: 0<pl, <y'P™, VI,m,n,
CGa: > > Ym<1, VneN
leL meM
Cq4: yl’jm S {Oa 1}a Vla m, n,
cs: Rm>¢, Vm.

Non-smooth = Smooth
Combinatorial problem = Same method as used in previous section

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016
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Single-Cell OFDMA REC Network

= Relaxation
m Convex + Concave part = Solve it using MM approach

Relaxed optimization problem
=3+ D D Wt e

m
n n
T oY @3 IeL mEM neN (22)
s.t. €q,Co,C3 and Cs.

Keep convex part as it is and linearize concave part
—6+X> D> > W+ )Ty

min
n n
O Y m® IEL mMEM neEN (23)
s.t. ¢q,Cp, C3 and cs.
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Single-Cell OFDMA REC Network

Algorithm 2

1. Initialization: \ = NP™ g, 0¢,02,6 € (0,1), 7 > 1, w,’jm(1) =1,¢(1) =
2: while (1) do

3. fort=1,2,..., Maxltr do

4: Solve the following convex sub-problem

min =6+ AqY D> D> win(yin

n
O oV e} IEL mEM neN
s.t. &1,8,08; and &s. (24)

5: Update:
P Wi (t 1) = (F (1) + e(1)7

e(t+ 1) = min{e(t), (X} ()}

6: it> > >, \x{jm(t) - x,’jm(t —1)| < oy then
7: break;

8: end if

9: end for

to: i f(y7 (1) < o then

11 Stop.

12.  else

13: A=TA

14:  endif

15: end while
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Single-Cell OFDMA REC Network
[ JeJelelo)
Simulation Results

Simulation Result
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FIGURE — Comparison of the average sum throughput of different algorithms with the max-min resource allocation
as the utility function versus the total transmission power. The system parametersare L = 3,M = 8
and N = 16. FARA, EPA. "

1. “Fairness Aware Resource Allocation in OFDMA Cooperative Relaying Network", Proc. Int. Conf. Commun.

ethan Kumar A
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Single-Cell OFDMA REC Network
O@000

Simulation Results

Average sum throughput (bits/s/Hz)

1 2 3 4 5 6 7 8
Number of Relays (k)

ol

10

FIGURE — lllustration of the throughput improvement obtainable by using cooperative relaying. The system parame-
terssM =4, N=8and Py = 10dB.
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Single-Cell OFDMA REC Network
[e]e] le]e}

Simulation Results

Average rate achieved by each user

User Index (m)

FIGURE — Average rate of each user, with L = 3, M = 8, N = 16 and Py = 10 dB. All the schemes compared are
fair resource allocation schemes.
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Simulation Results

Single-Cell OFDMA REC Network
[e]e]e] lo}

30

Total rate achieved (bits/s/Hz)

K=6,N=16
K=6,N=8
'K=6,N=4
K=4,N=16
K=4,N=8
K=4,N=4
K=2,N=16
K=2,N=8
K=2,N=4
50 60

Iteration index

FIGURE — Convergence of IRM algorithm, for different values of K and N with M = 4, Pt = 0 dB.
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Single-Cell OFDMA REC Network
[e]e]ee] ]

Simulation Results

TABLE — Comparison between IRM Method and Exhaustive Search: Optimality and time gap with M = 2 and
Pr = 0 dB over 50 channel realizations.

K=1 K=2 K=3
N | Oploap| fgap | N | Oplgap| fgap | N | Optlgap| lgap
2 | 1.2079% 28.53% 2 | 1.450% 24.08% 2 | 0.600% 18.51%
3 | 3.602% 8.075% 3 | 4.290% 4.159% 3 | 6.200% 2.719%
4 | 9.910% 2.423% 4 | 7.330% 1.113% 4 | 10.66% 0.067%
m Optimality gap: 1-fo|'§‘a"sal m Time gap: %

Further reduction in optimality gap ?

Possible with proper initialization and adaptive update of penalty parameter.
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Multi-Cell OFDMA Network

Multi-Cell OFDMA Network

Mobile Station (Ms)
Desired Signal

Interferance

FIGURE — Multi-cell multi-user OFDMA network

K €{1,2,...,K} = BSindices

Me {1,2,..., M} = User indices

N € {1,2,...,N} = Subcarrier indices
Vie,mo i m, = Subcarrier gain

Pg.m = Allotted power

y,Q,m = Binary indicator variable

R,’(’,m = Rate achieved

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016



Multi-Cell OFDMA Network

Utility adaptive (UA) optimization problem

max > " min{Ry1, Riz, - - Rim}
PR moYK m} kex

st cr: > > pin<Pr, Vkek
meM neN
c2: 0 pg o, <YK P™ Vk,mn,
ca: > Yim<1, VYneNandvkeKk,
memM
Ca: Yim€{0,1}, VK, m,n.

Epigraph form

max > ok

PR m YK m?kY ke
(26)

s.t. C1,C2,C3,C4,
Cs : Rk,m > ¢k’ Vkv m.
May 14, 2016 29/49
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Multi-Cell OFDMA Network

Epigraph form
>k

max
{PR mo Yk m> Pkt kex

s.t. ©1,Cp,C3,Ca, (27)
cs: »_ logo(1+ SINRY ;) > ¢, k,m.
neN

Signal-to-interference-noise ratio (SINR)

n n
A/k,mpk,m
n '
Diek,izk 2=jem; Vi m PP + No

SINR ) =

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016



Multi-Cell OFDMA Network

Solution

Relaxed optimization problem

DAY DD Wimt )
& m’ykm’¢k} ke kEK meM neN S————
h(y):concave

s.t. 61,62,63, (28)
8: > logy(1+ SINRK ;) > ¢, Vk,m.
neN

non-convex constraint

= Non-convex constraint = Decompose it into convex and concave terms

85 : Zf(x —9(x) > ¢k

neN
where, f(x) = logy(No + PmaX'Yl?,mX}?,m 4 pmax Z Z r/ o //
i€,k jeM;
g(x) =logy(No + P™ >~ > 17 X))
i€ IC, ik jeM;

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016



Multi-Cell OFDMA Network

Solution Contd.

15t term — f(x)

m f(x) = convex, keep as it is.

219 term — g(x)

= g(x) = concave, linearize it.
g(xll(-,,m(t)) + ,Dg(xlg,m(t))(xlg,m - XII(-,,m(t)) (29)
where Dg(x{ ) is the derivative matrix of g(x) at x _(t) and is given by

1
'Dg(xl?m): W1nkm: el
B WKy n n ,m
iec, itk 2jem; Tim, PTXT; + No
; 0, ifi=k,
Where, e/, = { pmaxpn
e ik
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Multi-Cell OFDMA Network

3 term — h(y)

= h(y) = concave, linearize it.
h(YK m(1)) + DhYE m(D) Yk m — Yk, m(D) (30)
where Dh(yy ) is the derivative matrix of h(y) at v ,(f) and is given by

,Dh(ylg,m) = Wg,k,m = q(yllg,m)q71

_Z¢k+)\z Z Zw2kmt)}/km

e m,yk m,¢k} kek keK meM neN
S.t. 61,62,637 (31)
B o f(x) — wh Hx7 > vk
(61 ¢ (x) W1,k,m( )Xk,m 2 Pks o (11
neN
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Multi-Cell OFDMA Network

Algorithm 3

1: Initialization
2. fort=1,2,..., Maxltr do
3:  Solve the following convex sub-problem

=D kA DD Wy (DY

X oK, o} kek kEK me M neN
S.t 61 s 62, 63, (32)
81 Y > f(X) = Wiy (DXL > S VK, m.
_ Uod . meM neN
4 Update: WP e m(t) = DXL (1))

w3 k. m(t) = Dh(yg (1))
e(t+1) = min{e(t), 67(y¥ m (1))}

5. if Stopping criterion satisfies then
6: Stop ;
7. else
8 Repeat
9. endif
10: end for

Algorithm 3 — Pseudo-code for solving multi-cell without relay UA problem
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Multi-Cell OFDMA REC Network

Multi-Cell OFDMA REC network

Mobile Station (M)
Desired Signal

Interferance

FIGURE — Multi-cell multi-user OFDMA REC network

K €{1,2,...,K} = BSindices

Ly €{1,2,...,L} = RSindices

My € {1,2,..., M} = User indices

N €{1,2,...,N} = Subcarrier indices
Vk.1.m = Subcarrier gain

Pk 1.m = Allotted power

Y. |.m = Binary indicator variable

Ry | m= Rate achieved
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Multi-Cell OFDMA REC Network

Problem Formulation

Relayingpath| § — R, |R; — D,

T Ty Time

= We assume, all BS-RS work in sync at frame level
= We focus on cell-edge users
= Rate achieved by each cell-edge user

1
Rg 1m = 3 min{Rg ., B} m,} (33)

m We assume the RS-MS link have dominated influence on the transmission rate

1
Al = 5Fhm (©4)

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016 36/49



Multi-Cell OFDMA REC Network

Reason behind Strong Assumption

BS-RS link

Strong LoS propogation channel
Interference is negligible

ss T
N
RS-MS link L

4 Ty st
4 £ e

NLoS communication link Coverags o7 RS g S
Interference is dominant

Total transmission rate

1
Thus, A m= 3Rl m (35)

Dependent only on p,’"( - and y,: my Greatly reduces problem complexity !
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Utility adaptive (UA) optimization problem

g MEK Z min{Ry 1, Ry.2o -+ Rime 3
{p’k’"’k ’y’kJ”k} kek

stoci: > > > Pl < PTRs Vi, € L and k € K,
IkELK MEMy NEN

ca: 0<pf o <YP m P™, VK, Ik, mi,n,

C: D D Yim <1, VneNandvkek,
IkEL MMy

st Y m €{0,1}, VK I, m,n

Signal-to-interference-noise ratio (SINR)

n n
SINR! . = Ve, P,y
ksme
Dheciiek,izk 2ojem 2=hec; Ui m P+ No
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Multi-Cell OFDMA REC Network

Solution

Relaxed optimization problem

min _Z¢k+>‘zz Z Z(yl',:,mk-l-e)q
N

n n
{X’k’mk’y’k!mk’¢k} ke KEK I[xELK M€ M) nEN
h(y): concave

s.t. 61 ) 627 ESa (37)
&: > > logy(1+ SINR, ;) > ék, Yk, m.
IkELK NEN

non-convex constraint

= Non-convex constraint = Decompose it into convex and concave terms

Gs: 3 D00 — 900 > o

IkELK NEN

where, f(x) = logy(Ny + P ’Y/k ka/k m T pmax Z Z Z r/r:mk ;/)
iek,iZkjeM; e L;

max FI
9(x) = logy(No + P Z Z Z Fm X0
i€, ik jeM; eL;
Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016




Multi-Cell OFDMA REC Network

Solution Contd.

15t term — f(x)

m f(x) = convex, keep as it is.

29 term — g(x)

= g(x) = concave, linearize it.
IO e (1) + DI 1 (YT . = X (1) (38)
where Dg(x,:,mk) is the derivative matrix of g(x) at x,’;,mk(t) and is given by

1
DO m,) = W jym, = e
> Mk 1l my n max yn i,my
Yoiek,izk 2ajeM; 2ot Vi m, PTEX]; 4+ No
0, ifi=k,
Where, &', = ¢ prerp
—m, ifi# k.
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Multi-Cell OFDMA REC Network

3 term — h(y)

= h(y) = concave, linearize it.
h(y3 m (D) + DY i ()Y e — Vig,mi (1) (39)

where Dh(y" . ) is the derivative matrix of h(y) at y,’k’!mk(t) and is given by

'Dh(y/::,mk) = W2n,/k,mk = q(y/::,mk )q—1

Convex sub-problem

- Z‘f’kJMZ Z Z Z Wy > mk t)y/kvmk

keEK k€ Ly mEMy NEN

{0 m’yk m7¢k} ker
S.t. 61,62,63, (40)
Cs : Z Z FX) = W{],’k,mk(t)X’ZWk =G LIS
IkELK NEN
May 14, 2016
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Multi-Cell OFDMA REC Network

Algorithm 4

1: Initialization
2. fort=1,2,..., Maxltr do
3:  Solve the following convex sub-problem

— Z bk + A Z Z Z Z ngk,mk(t)ylz,mk

min
X oYK P}

kex KEK k€L, MEMy NEN
S.t. 61,62,63, (41)
Cs Z Z fx) — Wf,’k,mk(t)X’ZWk > ¢k VK, M.
Ubdate: IkELK NEN

#  Tpdate: Wi e m () = DIOR o (1)

w3 1.m, (1) = Dh(yy o (1))

e(t+1) = min{e(t), (¥, (1)}
5. if Stopping criterion satisfies then
6 Stop ;
7. else
8: Repeat
9 end if
10: end for

Algorithm 4 — Pseudo-code for solving UA problem multi-cell with relay

Chethan Kumar A UA in OFDMA Cellular Networks May 14,2016
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Multi-Cell OFDMA REC Network

Resource Allocation/Path Selection during 71 and T,

Near-optimal path/resource allocation »
for RS-MS links .
(03]

. ANV
m What to do during T; ? 8

E Mobile Station (MS) % Relay Station (RS)

I

it Same subcarrier allocation strategy
p x Solve for the power allocation

" = Solve for p; , st Ry, =Ry

E Mobile Station (MS) 73 Relay Station (RS)
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Summary of our work
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FIGURE — Summary of our work
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Problem Reformulation

m The rate achieved by a MS m on subcarrier n through RS / is the minimum of the
first-hop and second-hop link capacities, given by

1 .
M = > mln{RgHI, RE/Dm}
where, Rgg, = logz(1 + PSg,13R,):

RE b, = 1092(1 + PR,0,, VA D)

m A], is maximized if and only if the rate achieved on the first-hop and second-hop

link are the same, i.e.,
Rn — RI‘I
sr, = PRDy

0
n n _ n n
Psr,Ysr, = PR;Dm YR Dn

n n
Psr,  YRDm

P&, D1 “fgn,
Add 1 to both L.H.S and R.H.S,
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Problem Reformulation Contd.,

n 1l n n
Psp, + PRp, _ YRD, T VsR,

n n
PR,p,, RE:

(Pgﬁl + pE/Dm )'YSFI,

PR D, =
1“m n n
YRDm T VSR,

m Let us introduce (L + 1)MN new variables {p] VI, m, n}, to indicate the power
allocated to user m on subcarrier n through path / over a slot duration. We have

o [Pho if /=0
h,m pgn, + pngm, otherwise.

m Using the above reformulation, pg/ p,, €an be re-written as

(P! m)vsmy

ISR gy, (42)
’YEIDm + Vgﬁ/

n —
PR, =
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Problem Formulation Contd.,

m The rate Rﬂm (I # 0) is given by
n 1 n 1 n 1 n n
Rim= ERSR, = ERR,D,,, =3 logz (1 + ¥R, 0,,PR, D)

1
Rﬂm =5 log, (1 + 'y,’ngmp,’ngm) (43)

Replacing (42) in the above equation (43), we get

1 VRDn TSR
m= 5 10Gz(1+ ———7—pfm), ¥I#0,mn
< VRiDm T VSR, (44)
—— —
@)
Bl m
For /=0, R}, is given by
Rlm=_1_log(1 +78p, P'm), 1=0,m,n. (45)
N W—/
/ P
Thus, 1 -0 V8p,» if =0
aj=9 4 Bl'm =1 Y& AD
1 otherwise f,m SR TUEm - otherwise.v”
2 Ysr, TR, Dm
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