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Appendix A Proposed Algorithm for Solving the Problem (P1) With Given 71,7

Let p = {ptm,,m=1,...,M,k =1,..., K} denote the dual variables associated with the constraint in (6). With given
T1, T2, the partial Lagrangian of the problem (P1) can be written as

L(Pvpqu Z Zwkzck n,m Z ZNmk(ZTQ,J Z(pk: n,j T4k 7L,J)
m=1k=1 n=1

m=1k=1 n=1
m
ZﬁTl,] Z n,j9k, n,]) (A1)
Jj=1 n=1
The dual function, G(u), is obtained as the maximum function value of the following problem given by

max L(P,p,q,p) (A2)
P.p,q

s.t. (5), (8), (9).

For solving the above problem, let Pimm = {Pn,m,Vn}, Pm = {Pk,n,m, Y1, K}, dm = {qk,n,m, Yn, k} and rewrite L(P, p,q, &)
as L(P7 P;q, IJ‘) = Z%:l Lm(Pm7 Pm,;dm; “)7 where

K M
L (P, Pm, Qms 1) = Zwk Z Ck,n,m — Z Z Hj,kT2,m Z Pk,n,m T k,n, m)
n=1 k=1j=m n=1
K M
+ Z Z M5 kET1,m Z Prom3k,n,m- (A3)
k=1j=m

The problem in (A2) can be decomposed into M subproblems, each for a slot as given by

max L’UL(PWM Pm,dm, /i) (A4)
Pm,pm,am
N
s.t. Z Pn,m < Pma;m (AS)
n=1
’
pk,n,mpk/’nym =0,Yn,k 7£ ko, (AG)
Pn,m = prk,n,m > 07 dk,n,m = O,Vn, k: (A7)

for Vm. It is seen that P,, in the above problem does not coupled with other variables py,, Qm, and is optimized by solving
the following problem given by

K M
maX ZPR mz Z Hj,k9k,n,m (A8)
k=1j=m
N
s.t. Z Pn,m < Pmaau (AQ)
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Ppom = 0,Vn, (A10)

for Vm. The problem in (A8) belongs to linear programming and its optimal solution can be easily obtained as

_ K M )
P = {Pmaacy n = arg maXpn Zk:l Z]‘:m Hi,k9k,n,m; (All)

K M
0, n # argmaxy, Zk:1 Z]‘:m Hj,k9k,n,m;

for Ym,n. To optimize pm,gm in the problem in (A4), the problem can be decomposed into N subproblems, each for a
subcarrier as given by

K K M
pma(i( Zwkck,n,m — Z Z Mj,k'@,m(pk:,n,m + q}c,n,m) (A12)
TR =1 k=1j=m
’
s.t. pk»nvmpk/,n,m =0,k 7£ k, (A13)
Pk,n,m =0, dk,n,m = 07Vk7 (A14)

for Vn. From (A13), by solving K subproblems, each for a user k allocated with subcarrier n, the subcarrier is allocated to
the user with the maximum objective function value. For Vk allocated with subcarrier n, the problem is

M
max WECE,n,m — Z Mj,kTZ,m(pk,n,m + q}c,n,m) (A15)
Phk,n,m>qk,n,m =
s.t. Pk,n,m =0, qk,n,m = 0. (AIG)

This problem can be solved by solving the following two problems given as

M
max - Z ;U'j,k(pk,n,m + qk,n,m) (A17)
Pk,n,m>9k,n,m =
j=m
s.t. Pk,n,m >0, dk,n,m >0, (A18)
hk,k,n,m h

!
< max b,k m,m , (A19)
NoB & 2k NoB + qknmh

’
k,k" ,n,m

and

h DPk,n,mMNy,
max wy; log, (1 n Pk,n,m k,k,nm) — ?i); log, (1 n MUk n,m )

Pk,n,m-:9k,n,m N()B NOB + Qk’n'mhk,k/,n,m
M
- Z /‘j,k(pk,n,m + qk,n,m) (A20)
j=m
S.t. Pronym 2 07‘1k,n,m =0, (A21)
hk:,k,n,m hk,k/,n,m

> max (A22)
NoB K £k NoB + qkn,mh

k,k/ ,m,m
It is noted that the solution of the problem with the maximum objective function value between the above two problems

is the solution of the problem in (A15). It is also noted that the constraint in (A19) guarantees that cj p », is non-positive
and the constraint in (A22) guarantees that cj , ,, is non-negative. The inequalities in (A19) and (A22) can be rewritten

1 . 1 1 . 1 .
as Gk,n,m < N()B(m —mings_, m) and g, y,m = NOB(m —ming/_, m), respectively. Thus,
the problem in (A17) is feasible when — 1  >min,,,, — L and its optimal solution is px n.m = 0, @k n.m = 0. As
Bk kn,m k' #k by R e

kok'n,m

for the problem in (A20), it is non-convex and can be rewritten as

P ma;](c f1 (pk,n,nn qk,n,m) - f2(pk,n,m7qk,n,m) (A23)
s.t. Pk,n,m = 07 qk,n,m > 07 (A24)
1 1
Benm > NOB(i — min 7) (A25)
hienam K 2k Py gt

where

Ph,n,mMi,k )
fl (pk,n,m7 qk,n,m) =Wgk 10g2 (1 + M) + wg 10g2 (NOB min

NoB k/#k hk,k/,n,m
M
+ q}c,n,m) - Z Nj,k(pk:,n,m + Qk,n,m)v (A26)
j=m
R 1
f2(pk,7L,mv‘Ik,n,m) =Wk 10g2 NoB min hi + Pknym + Qkn,m |- (A27)
k' #k k,k:l,n,m
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It is seen that the objective function in (A23) has the form of difference-of-two-concave-functions (DC). Thus the problem
in (A23) can be solved by the successive convex approximation (SCA) method. Let pg . m (), @i,n,m(t) denote the solution
at the ¢-th iteration. Then, at the ¢ + 1-th iteration, f2(pk n,m,qk,n,m) is approximated by its first order Taylor expansion
as

f2 (Pk,n,mv Qk,n,m) =f2 (pk,n,m(t)v 9k,n,m (t)) + (pk,n,m - pk,n,m(t))

~ af2 (pk,n,m7 qk,n,m)

+(qk,n,m - qk,n,m(t))
apk,n,m

Pk,n,7n:Pk,n,m(t)v‘Ik,n,7n:CIk,n,m(t)

x af2 (pk,n,m7 qk,n,m)
aqk,n,m

Pr,n,m=Pk,n,m () dk,n,m =k, n,m(t)

Wi (pk:,n,m - pk,n,m(t))

k’;ék hk% + pk,n,m(t) + Qk,n,m(t)) In2

kT n,m

=f2 (pk,n,m(t)v Qk,n,m(t)) +
(NOB min

Wi (Qk,n,m - q}c,n,m(t)) (A28)
(NOB mink/#k hk% + Pk,n,m(t) + Qk,n,m(t)) In2

kT n,m

J’_

Then, at the t + 1-th iteration, py n m (t + 1), Gi,n,m(t + 1) is obtained by solving the problem given by

Wk (Pk,n,m + Qk,n,m)
Pr mag; fi (pk,n,mv q}c,n,m) - mm T (A29)
o o (N()Bmink’?gk m + pk,n,m(t) + q}c,n,m(t)) In2
S.t. Pr,n,m >0, dk,n,m >0, (A30)
1 1
dk,n,m > NOB( — min ) (A31)
P nm K £k By g

It can be verified that the objective function in (A29) is concave and the constraints in (A30) and (A31) are affine. Thus,
the optimal solution of the problem in (A29) can be obtained by setting the first derivatives of the objective function in
(A29) with respect to Pk n,m, Qk,n,m tO zero as given by

N +
k,k,n,m
NoB wn o™
pk,n,m(t +1) :h ZM 2+ 0 Ok -1 ) (A32)
. . n
k,k,n,m j=m Hj.k NDBmink/?&k s Pk, n,m () + ke r,m (£)
kk'n,m
+
1 R 1
Qien,m(t+1) =max| NoB [ ——— — min —— ,
hk,k,n,m k’;ék hk,k/,n,m
Wi . 1
i ] o — NoB min .——— |. (A33)
Zj:m i,k n2+ NoBmin_, . P (DT T (£) E#k e k! nom
k' #k 'k,k/,nmn

Since it have been proved that the SCA method converges to a local optimum [1], the problem in (A20) is solved by
iteratively updating px n, m; qk,n,m until convergence.

After G(p) is obtained, the dual problem is given by

min G (w). (A34)

This problem can be solved by the ellipsoid method [2].
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Appendix B Proposed Offline Algorithm

Algorithm B1 Proposed offline algorithm.

1: Initialize: {71 m}, {72,m}-

2: repeat

3:  Initialize: {ptm 1}

4:  repeat

5: for m =1 to M do

6: Obtain P, ,,,Vn by (Al1l).

7 for n=1to N do

8: for k =1to K do

9: Initialize: pi.n.m(0), @k.n,m(0),t = 0.

10: repeat

11: Obtain pg nm(t + 1) and gg nm(t + 1) by (A32) and (A33), respectively.

12: t=1t+1.

13: until |pgnm(t) — Penm(t — 1) < € and |genm(t + 1) — @enm(t)] < € are satisfied
simultaneously, where € denotes the error tolerance.

14: Calculate the objective function value in (A20) by letting pr.nm = Pknm(t), Genm =
dk,n,m (t)

15: if the objective function value in (A20) is larger than 0 then

16: Let Pknm = pk.,n,m(t)v qk,n,m — Qk.,n,m(t)'

17: else

18: Let pinm = 0, qrn,m = 0.

19: end if

20: Calculate the objective function value in (A15).

21: end for

22: Denote the user with the maximum objective function value in (A15) as k*, and assign the

subcarrier n to the user k* by setting pr n.m =0, @kn,m = 0,k # k*.

23: end for

24: end for

25 Update {fim i} using the ellipsoid method.

26:  until {4, 1} converges to the desired accuracy.
27: Update {71}, {72,m} by solving the problem in (10) using the interior point method.
28: until the weighted sum secrecy rate converges to the desired accuracy.

Appendix C Proposed Algorithm for Solving the Problem (P2) With Given 7 ,, T2.m

The partial Lagrangian of the problem (P2) with given 71, T2,m is written as

K N K N
L(P’myp’mv Qm,ﬂm) = Z WE Z Ckon,m — Z Hm,, ke (7—2,m Z(pk,n,m + qk,n,m)
k=1 n=1 k=1 n=1
N
- 57—1,m Z Pn,mHk,n,m)v (Cl)
n=1
where prm = {ftm k. k = 1,..., K} is the dual variables associated with the constraint in (13). The dual function of the

problem (P2) with given 71, T2,m is obtained as

G(V"m) = P max L(Pﬂ‘u Pm,dm, Hm) (02)

mPmdm

s.t. (12), (15), (16).

The dual problem is then expressed as min,, -9 G(tm), which can be solved by the ellipsoid method. Thus, what remains
is to solve the problem in (C2). The problem in (C2) for optimizing Py, is written as

N K
S0 221 Fivm kzl I,k Gk, n,m (C3)
n= =
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N
st. D Pnm < Praa. (C4)
n=1
The optimal solution of the above problem can be easily obtained as

Pn,m _ {Pma:m n = arg maxnq Zlile Hm, 9k ,n,m; (C5)

K
0, n 7# argmaxn Zkzl P,k 9k, n,m>

for Vn. The problem in (C2) for optimizing p, and g, is then decomposed into N subproblems, each for a subcarrier as

K K
max Z WEClk,n,m — Z )u'm,kTZ,m(pk,n,m + qk,n,m) (CG)
Pm,dm
k=1 k=1
’
s.t. pkv”’mpk,,n,m =0,Vk 75 k, (07)
Pk,n,m > 07 qk,n,m = 07Vk7 (C8)

for Vn. The above problem can be solved by solving K subproblems, each for a user k allocated with subcarrier n, then
selecting the result with the maximum objective function value. For Vk,n, the problem is

max WECkn,m — ﬂm,k7—2,7n(pk,n,m + qk,n,m): (Cg)
pk,n,m>0va,n,7n>0

which can be decomposed into two subproblems given by

max - + C10
Phoomm Z0.0h 1. 50 Mm,k(pk,n,m q}c,n,m) ( )

P,k k'
BT < max K L,T,m , (C11)

s.t.
NoB k' #k NoB 4 qrn,mhby 4

,n,m

and

h pk7 s h ’
max Wi 10g2 (1 + Pk,n,m k,k,n,m) — Wy max 10g2 14 n,m% k" nom
Prn,m =0,dk 0, m =0 NoB k' £k NoB + qk’"vmhk,k/,n,m
- )u'm,k(pk,n,m + qk,n,m) (012)
h h ’
ot Mekmm >m k,k",n,m (C13)

ax
NoB k' #k NoB + qk n,mh

’
k,k" \n,m

The problem in (C10) is similar to the problem in (A17), and its optimal solution is thus py ;,,m = 0, @i,n,m = 0. Note that

the problem in (C10) is feasible only if m Zming/ m For the problem in (C12), its structure is similar to
the problem in (A20) and thus can be solved by the SCA method. Following the procedures for solving the problem in (A20),
Dk,n,ms dk,n,m can be obtained iteratively until convergence, where at the t + 1-th iteration, py pn m(t + 1), q,n,m(t + 1) is

updated as

+
N B w hk,k,n,m
0 NoB
pk,n,m(t + 1) :h In2+ 0 W -1 ) (014)
k,kn,m | Bm,k NoB mink/¢k O — +Pk,n,m (1) + i, n,m (t)
+
1 X 1
Q,n,m(t +1) =max| NoB [ ———— — min ——— ,
P knm K 2k Ry it
Wk . 1
2 o — NoB min ) (C15)
Mk 224 N B in Pk (ke m (8) FAR Tk nm

k' #£k h

’
kok' n,m

The details for deriving (C14) and (C15) are omitted here for brevity.
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Appendix D Proposed Online Algorithm

Algorithm D1 Proposed online algorithm.

1: Initialize: 71 4, T2, m.

2: repeat

3. Initialize: poy,.

4 repeat

5 Obtain P, ,,,Vn by (C5).

6 for n=1to N do

7: for k=1to K do

8 Initialize: pi.n.m(0), Gk.n,m(0),t = 0.

9: repeat

10: Obtain pgn.m(t + 1) and gg nm(t + 1) by (C14) and (C15), respectively.

11: t=t+1.

12: until |pg nm(t) — Penm(t — 1) < € and |grpm(t + 1) = Grn,m ()| < € are satisfied simulta-
neously, where € denotes the error tolerance.

13: Calculate the objective function value in (C12) by letting prnm = Prnm(l)s Ghnm =
Qk,n,m(t)'

14: if the objective function value in (C12) is larger than 0 then

15: Let Pknm = pk,n,m(t)v dk,n,m — Qk,n,m(t)'

16: else

17: Let Pk,nm = 0, Qien,m = 0.

18: end if

19: Calculate the objective function value in (C9).

20: end for

21: Denote the user with the maximum objective function value in (C9) as k*, and assign the

subcarrier n to the user k* by setting pr n.m =0, @k.nm = 0,k # k*.
22: end for
23: Update p,, using the ellipsoid method.

24:  until p, converges to the desired accuracy.
25:  Update 7o, from (17) and 71, = 1 — 72
26: until the weighted sum secrecy rate converges to the desired accuracy.
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