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algorithm constants S and p, as well as by the value of the tolerance e.

In the following simulation experiments we considered a CR system with K = 2
active transmitters and selected specific values for the number of signal dimensions
N, the precoder sizes M; and M,, for the algorithm constants 8 and u, and for the
tolerance €, and we ran 100 trials of the algorithm recording the number of iterations
n needed for convergence. We note that, the actual number of iterations depends
on the number of active users and their corresponding precoder sizes: one update
for precoder k consists of M} updates of all of its columns, and one update of the
ensemble of precoders consists of Z,ﬁl M, iterations corresponding to the FOR
loop: 8 in Algorithm 6. Thus, for better visualization of the convergence speed
results we will look at the average number of ensemble updates until convergence
rather than the average number of actual iterations n in our plots. This is obtained
by dividing the total number of iterations recorded, n, to Z,’;l M. which represents
the number of iterations/ensemble.

In the third experiment we studied convergence of the proposed algorithm for
different values of the algorithm constants p and 3, precoder sizes M; = M, = 6 and
target SINRs v = 0.8 and 4 = 0.5. The results of this experiment are plotted in
Fig. 15 from where we note that convergence speed is affected mostly by changes in
the value of 3 and that it does not depend significantly on the value of pu.

In the fourth experiment we studied the convergence speed of the algorithm for
fixed algorithm constants 8 = 0.2 and p = 0.1 and tolerance ¢ = 0.001 for varying
precoder sizes and signal dimensions available such that the ratio of the total number
of precoder columns to the number of signal dimensions X | M, /N is constant. The

results of this experiment are shown in Fig. 16 from which we note that the average
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number of ensemble updates needed for convergence within tolerance € = 0.001 does
not vary significantly for increasing N and M; + M,.

In the final experiment performed we studied the dependence of convergence
speed on the algorithm tolerance ¢ for a different number of signal dimensions N and
fixed algorithm constants § = 0.2 and u = 0.1. The results of this experiment are
shown in Fig. 17 which confirms our expectations that the lower the value of ¢, the
slower the convergence of the proposed algorithm to the optimal fixed point. This
result was expected considering the fact that a smaller ¢ implies a higher precision for
the fixed-point, which, with fixed increments will be reached through an increased

number of updates.

IVv.s CHAPTER SUMMARY

In this chapter we study joint transmitter adaptation and power control in mul-
tiuser uplink wireless systems with target SINR values as a distributed constrained
optimization problem, and we discuss necessary conditions that must be satisfied by
the optimal solution. We also present an incremental algorithm that adapts user
transmitters and power values in a distributed fashion until a fixed point is reached
where the specified target SINRs are achieved with minimum transmitted power.
Numerical results obtained from simulations that illustrate the convergence of the
proposed algorithm are also presented along with an extension of the algorithm to

Cognitive radio networks.



78

IV.6 APPENDIX

Necessary conditions for optimality have been discussed in Section II1.5 for down-
link wireless systems and Section IV.2 for uplink wireless systems . Turning to the
sufficient conditions, we use the Bordered Hessian Matrix approach [41, Ch. 5] to
determine second order optimality conditions, and a detailed analysis of the above
in the uplink scenario is presented in the appendix. We consider the Lagrangian ex-

pression (II1.2.2) for a given user k and note that there are three sets of constraints

g‘r(ri) - pg)sg)THZ[Rﬁ)]_lHkSg:) - '7;1 m= 13 EER) M;
g,(,%) =s®Ts® _ 1, m=1,..., M (Iv.6.1)

ax k

g® = ppx — Mk o),

along with five sets of variables: p, sf,’f),pgf), ,(,’f), 5,’5), m=1,..., M. The Bordered
Hessian Matrix for the Lagrangian expression (I11.2.2) can be written in a compact

block matrix form as [41, Ch. 5]

0 AW ]
(k) (2M) x2M) PN M+ 1) X (N M+ M)
B, = |- B LB . (IV.6.2)
h A(k)T : C(k)
(NMi+M)x (2Mg+1) | (N M+ M) x (N Mg+ M)

The expression of the block matrix Ay is

all’ e ,0 alll, . ’0
Oa 7a,1V[k 01 ’a’IA"Ik
A® = ay, -~ ,0 0, --- ,0 (IV.6.3)
0, --- ,a;’lk 0, --- ,0
Oa aO —la 1_1
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where
a,, = 25 ®sW TH] [RY) ] Hysh) = 21

a, = sOTHT RW]-1H,s® = 3¥ (IV.6.4)

a, = 287

form=1,..., M.

The expression of the block matrix Cy is

Ci, ,0 c, ,0
CI .. "
c® — 0 Co O, Mk (IV.6.5)
(CI)T ’0 0,1”1 ,0
] 0, ,(c;’wk)T 0, --- ,c'&k ]
where
C = 8, (k)2—(k)3 HT[R,E:S)] lHkS(k) ('“)TH,I[R&'S)]’IH,;)
— 87*2‘(")3 (k) (k)T
(IV.6.6)
= 4y} -(k)SHT [Rgf)]‘lHk (&) _ 47*/\(10) (k)3 (k)
‘(k)a(s(k)THT[Rf,’f)] 1q S(k))z 2;\57’:)25("’:)3
m= 1, ey Mk.

Note that the optimum values of s, ) and p(k) are considered in the bordered
Hessian matrix, and the sufficient conditions for the Lagrangian (II1.2.2) are given

by

(__1)(2Mk+1) IBh,lI > 0’
(IV.6.7)

for £=(4Mi+3),(4Mx+4),--- , Mi(N + 3) + 1,
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where |By¢| is the £-th principal determinant of the bordered Hessian matrix By.
Thus, provided that (IV.2.21) is verified, the matrices S; and Py, satisfying (I11.2.3)-
(I11.2.4) are a solution of the constrained optimization problem (IIL.2.1).

Second order optimality conditions for the downlink constrained optimization

problem can also be verified as shown above.
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Chapter V

JOINT TRANSMITTER ADAPTATION AND POWER

CONTROL IN FADING CHANNELS

In the previous chapters, transmitter adaptation and power control was achieved
based on certain target SINR constraints under the assumption that the wireless
channel parameters are known and do not change while an active transmission is
ongoing. However, this assumption may not be satisfied in practical scenarios where
multipath propagation and mobility result in time-varying fading wireless channels.
We note that the effects of fading may be mitigated by using appropriately designed
signal processing algorithms that adapt both transmitters and receivers based on the
actual channel characteristics.

However, in many instances, it may not be possible to estimate channel charac-
teristics due to its time varying nature. In other words, by the time the channel
parameters are estimated and its performance analyzed, the channel under consid-
eration may change to new values. A realistic approach in this case would be to use
the average characteristics of the channel in the transmitter adaptation and power
control algorithm. In this chapter, performance of the incremental algorithm for
joint transmitter adaptation and power control in both downlink and uplink scenar-
ios are studied in the context of fading channels. Specifically, average characteristics
of the multipath fading channels are used to compute precoder and power matrices
for which target SINR values are satisfied; then, Monte Carlo simulations are per-

formed to study the performance for actual channel realizations. The performance
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measure used to evaluate performance of the algorithm in this work is the probability

of outage.

V.1 SYSTEM MODEL

For the downlink and uplink scenarios considered in Chapters III and IV, prop-
agation between a given transmitter and receiver is modeled by a vector channel
described by matrix H; of dimension N x N which is assumed to be a circulant
matrix corresponding to the multipath channel response hy = [hi,. .., hkN]T. We
note that a stable and known multipath channel is assumed in Chapters III and IV
which implies a deterministic and known H; matrix.

However, this assumption is usually not satisfied in practice, where fading makes
the parameters of channel matrices random variables rather than deterministic. In
this chapter we assume that the multipath channel response corresponds to a fading
channel with known statistics (mean and variance) and that only the average channel
matrix Hi, corresponding to the average channel parameters hy, = [Az, . .. ,i_sz];r,
is known.

For the downlink scenario in Chapter III, the N-dimensional received signal by a

given user k is given by the expression
ry = HeXp + g = ﬁkSPV?b + N, (V.1.1)

and in order to distinguish between the desired signal and the corresponding inter-

ference+noise, it can be rewritten as

K
rp = "ﬁkbk\/ﬁsk + H, Z be\/j_);S[ + ny (V.1.2)
S——— e=1,0#k
desired signal < .

interference + noise (zx)
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where the interference+noise z; experienced by user k has correlation matrix
X T
Zy = Elzyzy) = Hy ( > SePeSzT) H, +W;. (V.1.3)
£=1,04k

Following the sequence of steps as shown in Section IIL.1 to perform parallel
decomposition of user k downlink channel matrix H; by applying the whitening
transformation followed by an SVD of the transformed channel matrix, partitioning
the singular value matrix and the transformed codeword vector, we obtain the total

interference power affecting all the user’s symbols as

I= sz Zs“)T~ 25V (V.1.4)

where Dy, is the partitioned singular value matrix corresponding to the SVD of Hy.
For the uplink scenario in Chapter IV, the N-dimensional received signal vector at
the common receiver corresponding to one signaling interval is given by the expression
K
r=>3 HS:P,’b; +n, (V.1.5)
k=1

and it can also be expressed from the perspective of the m-th symbol of user k as

r = bV H,s®) \/ 2+
+ Z bEH, s\ /p) 4 Z HtStPg by +n. (v.1.6)

n=1n#m £=1,0+#£k

interference + noise = i%)
The first term is the desired signal corresponding to symbol m of user k, and

the remaining terms represent the interference and noise corrupting it at the receiver

with correlation matrix

» L3 T _T
R® = EEOIT] = R - pl HusslTH] (V1.7
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where

K
R=Efrr") =Y HS,P:S[H, + W (V.1.8)
k=1

is the correlation matrix of the received signal in (V.1.6).
Following the sequence of steps as shown in section IV.1, the SINR for symbol m

of user k is given by

,y(k) _ (k) (k)TH R—IH (k)
n =
1— pg:) (k)THk R;lHkSST’:)
(v.1.9)
— p(k) WTH [ (k)] 'H, S ’
and the corresponding MMSE expression is
1
(k) 0 = 1 p(k) (k)TH R—lHkS(k)
1+ m X (V.1.10)

1+ pPsOTH RS 1THe®

Our goal in this setup is to study the joint transmitter adaptation and power
control algorithms in Sections II1.3 and IV.3 in the context of multipath fading
channels where average characteristics of the channel are used to compute optimal
precoding and power matrices with specified target SINR values 7, for all £ =

1,...,K.

V.2 THE JOINT TRANSMITTER ADAPTATION AND POWER

CONTROL ALGORITHM IN FADING CHANNELS

The proposed algorithms for joint transmitter adaptation and power control in
the downlink and uplink scenarios are derived as shown in Sections II1.3 and IV.3

considering only the average channel matrix Hy forall k = 1,..., K.
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Performance of Algorithm 4 and Algorithm 6 for joint transmitter adaptation
and power control in the context of fading channels is studied using the probability
of outage which is defined as the probability that the output SINR for a given user
k, v, falls below the specified target SINR 7;. When the statistics of the fading
channel parameters is known, the probability of outage can be evaluated analytically
and is implied by the cumulative distribution function (CDF) evaluated at 43, that
is

Yk
Poutrx = A Py, (&) dve (V.2.1)
where P,, () denotes the probability density function (PDF) of the SINR ~; which
is implied by the statistics of the fading channel parameters.

Numerically, the probability of outage is evaluated through Monte Carlo sim-
ulations, and we study the performance of Algorithm 4 and Algorithm 6 by
evaluating the probability of outage in the case of a specific fading channel model.
We note that a wireless communication channel can experience fading due to several
factors among which the most common are short term fading (also referred to as fast
fading) and long term fading (also referred to as slow fading). The former is due to
multipath propagation and user mobility while the latter is due to shadowing and

exponential path-loss.

V.3 PERFORMANCE ANALYSIS

Monte Carlo simulations are performed to evaluate the probability of outage for
Algorithm 4 and Algorithm 6. In our simulations we consider a fast fading sce-

nario where the channel between a given user k and the base station is dynamic with
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FIG. 18: Outage probability for average and actual downlink channel realizations.

a small coherence time such that it is not practical to estimate channel characteristics
for use in conjunction with joint transmitter adaptation and power control, so the
average channel parameters are used as discussed in the previous section. Specifi-
cally, we consider multipath Rayleigh fading channels where the amplitude scaling

hix for path i of user k channel is a Rayleigh random variable with PDF [59)

f(hi) = h—";‘e 20} (V.3.1)
O

where E[h%] = 202.

We performed simulations to analyze the outage probability for a system wireless
with K = 2 active users in a signal space of dimension N = 6 and with precoders of
dimension M; = M, = 4. The precoder and power matrices are initialized randomly,

and white noise is considered with covariance matrix W = 0.1Is. The algorithm
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parameters for this experiment are set to u = 0.1, § = 0.2, ¢ = 0.001, and the user
target SINRs are initialized to vy = {0.8,0.5}. The channels matrices are circulant
with elements having a Rayleigh distribution.

We start by applying Algorithm 4 for downlink average channels and Algo-
rithm 6 for uplink average channels, computing the optimal precoder and power
matrices that meet the target SINR requirements. Next, the optimal precoder and
power matrices obtained for average channels are used to determine the SINR. values
for 1,000 independent realizations of the user channels. Results of this experiment
are plotted in Figures 18 and 19 which show that the target SINR value directly influ-
ences the outage probability as the higher this is the higher the probability of outage

will be. For the downlink system model illustrated by Figure 18, we observe that
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the probability of outage for user 1 with target SINR equal to 0.8(or —0.9691 dB)
is close to 15% while for user 2 with target SINR equal to 0.5 (or —3.01 dB) is only
8%. Similarly, for the uplink system model, we observe from Figure 19 that the
probability of outage for user 1 with target SINR equal to 0.8 is close to 19% while

for user 2 with target SINR equal to 0.5 it is only 5.5%.

V.4 CHAPTER SUMMARY

In this chapter we investigated the performance of joint transmitter adaptation
and power control algorithms for downlink and uplink wireless systems with target
SINR requirements in the context of fading channels. The algorithms are imple-
mented using the average values of channel parameters for which optimal precoder
and power matrices that meet the target SINR values are obtained. These matrices

are then used to evaluate the probability of outage using Monte Carlo simulations.
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Chapter VI

CONCLUSIONS AND FUTURE RESEARCH

In this dissertation we have provided a comprehensive theoretical analysis of per-
formance optimization over wireless links with operating constraints. The prominent
goal achieved by the work presented in this dissertation is efficient utilization of
radio resources by joint transmitter adaptation and power control. The proposed al-
gorithms result in wireless systems with highly adaptive capabilities while combating
interference and satisfying target Quality of Service requirements. The algorithms
are developed in a general signal space framework which makes them applicable
to a wide variety of communication scenarios (such as OFDM, CDMA, or multiple
antenna/MIMO systems [5, 6]).

Downlink transmitter adaptation based on greedy SINR maximization and inter-
ference avoidance is presented in Chapter II, and three algorithms are proposed based
on a collaborative, “inverse channel” and a matched filter based approach. Fixed point
properties of the proposed algorithms yield interesting results for various scenarios,
like Welch Bound Equality (WBE) precoder ensembles for ideal channels with white
noise at all receivers and point-to-point communication scenarios which yield the
same correlations for the “inverse channel” algorithm precoder emsembles as those
of the dual uplink scenario.

This is followed by joint transmitter adaptation and power control in downlink

wireless systems where a constrained optimization problem is formulated based on
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codeword norm and target SINR constraints. The proposed Algorithm 4 mini-
mizes total interference based on the optimal codeword and power ensembles that
satisfy necessary and sufficient conditions derived in Chapter III. Simulation results
illustrate the tracking ability of Algorithm 4 for a varying number of active users
and for variable SINRs. Convergence speed of Algorithm 4 is evaluated based on
varying algorithmic constants, and all simulations consider the average number of
updates of the codeword and power matrices. It is observed that the convergence
speed is affected by changes in the increment constant p, the algorithm tolerance ¢
and increasing number of antennas in the system. The joint precoder adaptation and
power control algorithm is proposed for a general framework with linear precoders
and block transmissions in downlink wireless systems using a constrained optimiza-
tion problem that minimizes total sum MMSEs based on target SINR requirements.
Extensive simulations of the proposed Algorithm 5 have confirmed that the incre-
mental updates result in a monotonic decrease of the total sum of MMSEs to its
lower bound as illustrated in the cost function convergence plot.

Chapter IV presents a similar study on joint precoder adaptation and power
control in uplink wireless systems where a constrained optimization problem is for-
mulated at each active transmitter and transmit precoder and power matrices are
jointly optimized subject to specific mathematical constraints implied by constraints
on the precoder matrices and by the desired target SIRs. The joint precoder adap-
tation and power control algorithm is implemented in a distributed fashion until a
fixed point is reached where the specified target SINRs are achieved with minimum
transmitted power. A detailed discussion of second order optimality conditions in the

context of uplink wireless systems has been presented this chapter. The constrained
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optimization problem is solved using the Lagrange multipliers method [41, Ch. 5],
and the bordered Hessian matrix is evaluated at the critical point in order to deter-
mine if the precoder and power ensembles satisfying the necessary conditions are also
optimal with respect to the constrained optimization problem. Extensive simulations
of the proposed Algorithm 6 illustrate that it always converges to the optimal point
where the global cost function is equal to the tight lower bound where the global cost
function is defined as the sum of all individual user cost functions. Simulation results
illustrate convergence of Algorithm 6 for SINRs, user powers and cost functions.
This was followed by an application of Algorithm 6 to the uplink of a Cognitive
Radio (CR) Network with target values imposed on the signal-to-interference+noise-
ratios (SINR) at the CR receiver. Convergence speed of the proposed algorithm for
joint transmitter adaptation and power control was evaluated in the context of an
uplink cognitive radio network based on the average number of ensemble updates
until convergence.

In the previous chapters, transmitter adaptation and power control was achieved
based on certain target SINR constraints under the assumption that the wireless
channel parameters are known and do not change while an active transmission is on-
going. However, in many instances, it may not be possible to estimate characteristics
of the channel due to its time varying nature, and this challenge motivated the work
in this chapter, where the average characteristics of the channel in the transmitter
adaptation and power control algorithm are used to compute optimal precoding and
power matrices with specified target SINR values. Performance of the proposed algo-
rithms for both downlink and uplink scenarios are evaluated using the probability of

outage measure which is defined as the probability that the output SINR for a given
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user k, Y, falls below the specified target SINR «;. Multipath Rayleigh fading chan-
nels are considered, and the probability of outage is evaluated through Monte Carlo
simulations which show that the target SINR value directly influences the outage

probability and the higher this is the higher the probability of outage.

VI.1 FUTURE WORK

This dissertation presents lot of promising results which can be implemented
successfully in the design of future wireless communication systems provided some
additional theoretical issues are addressed.

Analysis of feedback mechanisms for the wireless system models considered in
this work is an interesting area of future work, and it provides scope for various
quantization schemes.

Future work on implementation of the proposed algorithms in Cognitive Radio
Networks includes analysis of how potential interference between primary and sec-
ondary users operating in adjacent channels can be formally incorporated in the
constrained optimization problem describing joint transmitter adaptation and power
control and how fading channels affect the performance of the proposed algorithm.

Performance of the proposed algorithms in the context of fading channels can be
evaluated using additional performance measures such as target satisfaction proba-

bility.
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