Iterative waterfilling algorithm with of quasi-static fading channels might be no longer valid in a
sub-channel selection for the coexistence of wireless scenario, therefore robust versions of the IWFRfeha

and noise variances information. Simulation results weaden
under diagonal dominant channel conditions to guarantee th
existence and uniqueness of the Nash equilibrium.

In this paper, we study the convergence behavior of the

Abstract—In 2002, the work of Yu et al. has shown that |WFA in parallel Gaussian quasi-static Rayleigh interfere
the distributed power control problem in a frequency selecve  cpanne|s for the coexistence of multiple cognitive tactiadio
interference channel can be modeled as a non-cooperative rga . .
and can be solved efficiently by the iterative waterfilling al networks. For mstarnce, parallellchannels represent mmlt'_
gorithm (IWFA). The convergence of the algorithm has been Orthogonal sub-carriers as used in orthogonal frequengy di
initially established for two users and later extended to ag sion multiplexing (OFDM), or multiple non-overlapping sub
number of users in a digital subscriber line (DSL) scenario.ln  channels. We assume that the links between the transmitters
a wireless scenario, multiple Nash equilibrium solutions Xist 54 the receivers exhibit quasi-static fading, i.e. in Vuhice

and no theoretical proof of convergence can be obtained. In . .
this paper, we study the convergence behavior of the IWFA in coherence times of the fading channels are larger than the

parallel Gaussian quasi-static Rayleigh interference chanels for time necessary to compute the algorithm. Such an assumption
the coexistence of multiple cognitive tactical radio netwmks. We is motivated by the fact that tactical radio networks using

investigate the addition of expert rules to the networks, mee VHF and low UHF bands exhibit long coherence times for
specifically the opportunity to select a subset of contiguaisub- |5, mobility patterns. It is observed that the IWFA shows a

channels. In this case, the networks can allocate power only . .
over a subset of the available sub-channels, thereby limitg good convergence behavior for low target rates but sometime

the maximum number of sub-channels needed for transmission fails to converge for high target rates. This difficulty iférent
Moreover, the networks can only choose a group of contiguous to IWFA because at each iteration some power is poured in
sub-channels. A first advantage is to lower the complexity ofhie  the best sub-channels regardless of the interference ccanise
IWFA by allocating power only over a subset of the available ha gther networks, while they have a better benefit avoiding

sub-channels. A second advantage is to lower the complexitf . .
the physical layer in the case of a multi-carrier waveform wth each other by taking different sub-channels. However, an

non-overlapping sub-channels. A third advantage is to givahe Optimal multiple access scheme would require some level of
networks more facility to avoid each other for high target rates coordination in a centralized approach. This motivates the
and to improve the convergence of the IWFA in wireless chanrs.  gddition of expert rules to the networks, more specifically t
With_out loss o_f generz_ility, the sub-channel selection canlso be opportunity to select a subset of contiguous sub-chanirels.
applied to various variants of the IWFA. this case, the networks can allocate power only over a subset
Index Terms—Iterative waterfilling algorithm, interference  of the available sub-channels, thereby limiting the maximu
channels, sub-channel selection number of sub-channels needed for transmission. Moreover,
the networks can only choose a group of contiguous sub-
channels. A first advantage is to lower the complexity of the
IWFA by allocating power only over a subset of the available
~ The distributed power control problem in a frequency selegyh-channels. A second advantage is to lower the complexity
tive interference channel has been introduced by Yu et al. [bf the physical layer in the case of a multi-carrier waveform
This problem can be modeled as a non-cooperative game gfigh non-overlapping sub-channels. A third advantage is to
can be solved efficiently by the iterative waterfilling alijom  give the networks more facility to avoid each other for high
(IWFA). The existence and uniqueness of the Nash equilibritiarget rates and to improve the convergence of the IWFA in
has been established for two users in a digital subscribes li \yjreless channels. Without loss of generality, the suoba
(DSL) scenario which exhibits diagonal dominant channgkjection can also be applied to the robust versions of the
conditions. In [2], the distributed power control problemsh |wFA for parallel Gaussian interference channels [3], [#Hia
been reformulated into an equivalent linear complementagy the IWFA for parallel Gaussian broadcast channels with
problem (LCP), proving the linear convergence of the IWFA ignjy common information [5], [6], [7].
a DSL scenario for arbitrary symmetric interference emwro  This paper is organized as follows. First, the system model
ment as well as for diagonally dominant asymmetric channgl yresented in Section II. The IWFA is presented along with
conditions with any number of users. However, in a wirelesie apility to select a subset of contiguous sub-channels at
scenario in which the channel gains of the interferers Couldhch iteration of the inner loop. Extensive simulation tssu
be as high as the channel gains of the direct link, multiplge provided in Section 111 for the classic IWFA and the IWFA

Nash equilibrium solutions exist and no theoretical probf Quith sub-channel selection. Finally, Section IV concluties
convergence can be obtained. Moreover, the initial ass'omptpaper.
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This research work was carried out in the frame of the Belddafiense ks i h Ei 1. Each K i d
Scientific Researct Technology Study C4/19 funded by the Ministry of WOTKS 1S shown on Figure 1. Each network is compose
Defense (MoD). The scientific responsibility is assumedtbyaithors. of one transmitter and one receiver. The transmission range



for network j, Af the sub-channel bandwidth, ard the
SNR gap which measures the loss with respect to theoreticall
\ optimum performance [8]. Maximization of the sum rate
subject to a total power constraint per network in a cerzedli
. algorithm is an extensive task, since it requires the kndgde
S~ ’ of the sub-channel gains from any transmitter to any receive
// \ \ |hi ix|? Vi, j, k. Although sub-optimal, a distributed algorithm
(, ) only requires the knowledge of the sub-channel gains from
4 P N K a transmitter to its own receiveth( ;;|%, Vi, j), as well as
, noise variances of its receiver estimated by spectrum sgnsi
A / (67 = 0; + 3 |hijk|*¢ir). The distributed algorithm called

#J
IWFA iteratively updates the power allocation of each netwo
Fig. 1.  Scenario considered for the coexistence betweeticabaadio \yhile considering all other network’s crosstalk as noisg [1
networks This process is updated regularly between all the different
networks until they reach a Nash equilibrium. Finally, ateou

. ) loop minimizes the power while maintaining a target rate for
is represented by the gray area around the transmitter. Taﬁ?networks. Note that some more robust IWFA can also

different networks can interfere with each other, causiags- pe applied in case of imperfect channel and noise variance
mission losses if dynamic spectrum management techniqyeg,rmation [3], [4]. In this case the SNR gap is increased
are not implemented. Our goal is to alleviate this problem Ry assyre reliable communication under operating conitio

equipping each terminal with an algorithm which gives thgy| the time. Considering the classical IWFA, the Lagrangia
possibility to optimize its transmission power for each suly,ction can be written as

channel. We assume that the links between the transmitters N N ) N

and the receivers exhibit quasi-static fading, i.e. in \whigce L\ ¢) = Z Af S loga(1 + |hi=ﬂ'j~| ‘z’ij) — 3 Aoy
coherence times of the fading channels are larger than the = 3 j=1 TU?]- j=1 s
time necessary to compute the algorithm. Such an assumption tor
is motivated by the fact that tactical radio networks usingfv +. AP

1
and low UHF bands exhibit long coherence times for low (4)

mobility patterns. The received signajs; can be modeled in which \ are the Lagrange multipliers for all networks.
as According to [9], the Karush-Kuhn-Tucker (KKT) conditions

of the optimization problem can be solved by taking the
(1) derivative of the Lagrangian function with respectgig

2

~
Il

N
Yji = hijiTij + Y higkwa +ni; i=1... N,
=

j=1...N, OL(A, ¢)  Af 1
where N, is the number of sub-channeld] the number of D ~n2 67, A ) (5)
networksn;; the complex noise with varianex% for network e + bij
4 on sub-channel, z;; the transmitted signal for network _ ey
on sub-channel, and h; j;, the complex channel coefficient Nulling the derivative gives
from networkk to j on sub-channel. OL(X, ¢) . 1 \ In2
B = — =\ —
- O¢i; rsZ, TAf . (6)
A. Classical IWFA W + ¢ij ——
We consider the maximization of the sum rate subject to a o =
total power constraint per network The optimal power allocation corresponds to Gallager’'s
water-filling strategy for parallel Gaussian channels {10]
N
e B8 [
subject to) " ¢;; = Pjtot Vi j 6,33
=1
with B. Classical IWFA with distributed power control
N, 9 The classical IWFA maximizes the sum rate subject to
_ R ji1% b3 : _
Ri(p.)=A f2|092(1 4 > : (3) a total power constraint per network. In practice we want
- i=1 F(Uz‘j + 2 lhijk*ir) to minimize the power subject to a target rate per network.

e This can be achieved by distributed power control using the
and ¢ the power allocation among all sub-channels and n&fame power allocation as the classical IWFA [1]. Figure 2
works, ¢ the power allocation among all sub-channels fashows the distributed power control for multiple networks.
network; , ¢;; = E[|z;|?] the variance of the input signal oninner loop determines iteratively for each network the powe
sub-channet for network 7, Pjt"t the total power constraint allocation maximizing the rate and satisfying its total pow



constraint. Then, an outer loop minimizes the total poweadlocating power only over a subset of the available sub-

of the different networks individually such that a targetera channels. A second advantage is to lower the complexity of

Rterget js achieved. Algorithm 1 provides the power allocatiothe physical layer in the case of a multi-carrier waveforrthwi

for power minimization subject to a target rate constrdiiie non-overlapping sub-channels. A third advantage is to give

inner loop and the outer loop correspond to lines 2-10 amoe networks more facility to avoid each other for high targe

1-16 respectively. rates and to improve the convergence of the IWFA in wireless
channels.

P P Py

The sub-channel selection is described as follows. At each
iteration of the inner loop in the IWFA, a network can only
use L contiguous sub-channels, with € {1, N.}. In fact,

Crdgn Frag | the network; chooses the subset of contiguous sub-channels
sccodng o () ' acoordingto (7) exhibiting the maximum rate

Inner loop = Classical IWFA

lj+L—1
opt __
12 = maz Af > loga(1+

i:lj

|hi g | Pyt

LT5%, ) ®

Fig. 2. Distributed power control with IWFA
The optimal subset of sub-channels to be used for network
j is therefore determined by

Algorithm 1 Classical IWFA with distributed power control

1repeat
2 repeat
3 repeat
4 forj=1to N Ay = {15717 + L -1} 9)
5 Calculateg?™" Vi according to (7)
N, ~
6 if 121 PP < Pt decrease\;
Ne -
7 if > ¢>fft > P}°" increase); Figure 3 shows the distributed power control for multi-
end ]%grl ple networks. An inner loop determines iteratively for each
% times network the best subset of contiguous sub-channels and the

power allocation maximizing the rate and satisfying itsatot
power constraint. Then, an outer loop minimizes the total
\hi jj |2¢;ijt powers of th_e diffe_rent network_s individually such that my&d
: ) rate R'%"9¢t is achieved. Algorithm 2 provides the proposed

10 until the desired accuracy is reached
11 forj=1toN

N
12 CalculateR; (@;pt) =Af Y loga(1+
=1

I'62. . L -
it R(6oP!) < Rlarget | optot i power allocation for power minimization subject to a target
13 ! j@g t) < o Increas i rate constraint with sub-channel selection. The inner laog
14 if R;(¢7"") > RIT9¢" decrease’;” the outer loop correspond to lines 3-12 and 2-18 respeytivel
15 end for . . Note that if L = N, Algorithm 2 reduces to Algorithm 1 and
16 until the desired accuracy is reached IWFA with sub-channel selection becomes the classical IWFA

with distributed power control.

] ) The IWFA with/without sub-channel selection are non-

C. IWFA with sub-channel selection optimal solutions of the centralized problem. Similarlytte

In this Section, the addition of expert rules to the networknvergence of the IWFA in non-diagonally dominant channel
is investigated, more specifically the opportunity to sekec conditions, the convergence of the IWFA with sub-channel
subset of contiguous sub-channels. In this case, the netwaselection cannot be proven theoretically. Therefore, the- c
can allocate power only over a subset of the available sulergence of the IWFA in wireless channels with/without sub-
channels, thereby limiting the maximum number of sulehannel selection will be studied through simulations gsin
channels needed for transmission. Moreover, the netwotd®nte Carlo trials of multiple channel realizations and lo-
can only choose a group of contiguous sub-channels. cations of the radio nodes and the networks, as well as an
first advantage is to lower the complexity of the IWFA bymplementation in OMNeT++/MiXiM.



Py P Py

‘ i distance in kilometers. The reference path loss is caledlat
S B nefloo : using the free space path loss formula

PL(d()) = —32.44 — 20'0910(fc) — 20'0910(d0) (11)

acemting o 1) ' aceting o) where f. is the carrier frequency in MHz. The transmitter
1 and the receivers are placed randomly in a circle area of

km?2. The carrier frequency is chosen to be in the very high
frequency (VHF) bandfi. = 80 MHz). The SNR gap for an
uncoded quadrature amplitude modulation (QAM) to operate
at a symbol error raté0~" is I' = 9.8 dB. The sub-channel
bandwidth isA f = 25 kHz, the path loss exponentis= 4,
reference distancd, = 0.02 kilometers and thermal noise
with the following expression

P/ yes

Plet N,

_ o _ _ o;; = —204dBW/Hz + 10log, (A f) Vi, (12)
Fig. 3. Distributed power control with IWFA and sub-chanselection

In the first set of simulations, we compare Algorithm 1 with
Algorithm 2 for the minimization of the power subject to a
target rate constraint, and witN = 2 tactical radio networks
and N, = 2 sub-channels. Sub-channel attenuations are added

Algorithm 2 IWFA with sub-channel selection

tinitialize L € {1, N} to the log-distance path loss model (10) to take into account
2repeat the multipath propagation. The complex channel coeffisient
3 repeat of the sub-channels follow a quasi-static Rayleigh fading
4 repeat model calculated from random complex numbers whose real
5 forj=1to N L S and imaginary components are independently and identicall
6 l;vpt = maz Af JJrzf logs(1 + |hi=ﬂ'j|~];j ) Qistrib_uted (i.i.d.) Gaussian. The accuracy for the targés
lj =l Ll'c; is defined as
7 Calculateqbf]".’t, i € A; according to (7)
o Y8 opt tot 3 |B; (?;pt) — Rieree] —10 .
8 if ;1 ¢;; < P’ decrease\; A7 < 10 V7. (13)
N, ~

9 if 3 ¢ > Pt increase); Whenever a realization doesn’t achieve the desired acgurac
10 endifzolr the result of the realization is deleted and considered as an
1 « times error (no convergence achieved).
12 until the desired accuracy is reached Figure 4 shows the resglts of th_e power minimization subject
13 forj=1to N to a target rate constraint ranging froRf¢"9¢t = 2 kbps

197 4 L1 to R'em9¢t = 256 kbps over10* Monte Carlo trials (left
14 Calculate Rj@;pt) = Af Y. log:(1 + part of the figure) and the corresponding errors in percent-

i=197" age (right part of the figure). The IWFA with sub-channel

|hi7jj|2q§;’]".’t selection of a single sub-channel (WF1) leads to about 8.9
T%-) dB improvement in average compared to the classical IWFA
s W (g < Rt increaseP MFA, because t each flraion some. power fs poured in
10 It 1 (ﬁpt) > Rieroet decrease’;” the best channels regardless of the interference caused to

17 end for

; . . the other networks, while they have a better benefit avoiding
18 until the desired accuracy is reached

each other by taking different channels. The classical IWFA
shows a good convergence behavior for low target rates but
sometimes fails to converge for high target rates (% E2rors
. SIMULATION RESULTS at R'*9¢ = 256 kbps). On the contrary, the IWFA with
sub-channel selection of a single sub-channel shows a good
For the simulations, the log-distance path loss model i$nvergence behavior for high target rates but sometiniiss fa
used to measure the path loss between the transmitter %‘@onverge for low target rates (6 %lerrors atRter9et = 8
the receivers [11]: kbps). This difficulty is inherent to the sub-channel sétect
d because at each iteration a new sub-channel can be chosen
PL(dB) = PL(dp) + 10”"3910(d—) (10) regardless of the choices made by the other networks, while
0 they have a better benefit keeping the same sub-channel. This
with n the path loss exponend, is the distance between theeffect can be reduced by freezing the sub-channel selection
transmitter and the receiver, anfjy the close-in reference before reducing the power in the outer loop.
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Fig. 5. Results withV = 2 networks andV. = 2 sub-channels 9 N

. sometimes fails to converge for high target rates (&5t
Figure 5 shows the results of the same setip= 2 and Rterget = 256 kbps). The IWFA with sub-channel selection

Ne = 2) with some additional expert rules to reduce thef two and three sub-channels sometimes fails to converge fo
previous observed effects. For the classical IWFA, the suﬁ 9

i . NS ow target rates (0.38 and 0.2% respectively afR? ¢t = 2
channels which are active but not participating signifityaimt . .
the data rate are switched off. These sub-channels rathee cakbps) and for high target rates (14%nd 7.26; respectively

. at Rter9¢t = 256 kbps).
interference to the other networks, therefore the sub+udlan Fiqure 7 shows the results of th No—t 2 and
1 of networkj is canceled whenever the condition gu SNOWs SULS € same seti¥p=; 2 an

N. = 4) with the same additional expert rules presented for
|hz‘,jj|2¢fft Rtarget 6 Figure 5. We can see that freezing the sub-channel selection
0 <logz(1 + —F=5—) N 10 (14)  reduces the number of errors to zero when one sub-channel has
* to be selected. The IWFA with sub-channel selection of two
is met. For the IWFA with sub-channel selection, the choiaar three sub-channels take the advantages and disadvantage
of the sub-channel satisfying the target rate is kept dutfieg from the two expert rules introduced. Therefore, simutatio
simulation before reducing the power in the outer loop. A®sults show that sub-channel selection does not affest dra
seen on the figure, there are no more errors for the IWRikally the performance of IWFA and in some cases can lead
with sub-channel selection at a price of an increased powtr,better performance and a better convergence behavior in
and the classical IWFA is able to reduce slightly the numbuwireless channels. This is especially true for IWFA with sub
of errors with similar power results as Figure 4. channel selection of a single sub-channel showing no errors
In the second set of simulations, we compare Algorithm df convergence, which could be seen as an enhanced version
with Algorithm 2 with N = 2 tactical radio networks and of a simple “detect and avoid” strategy.
N, = 4 sub-channels. Figure 6 shows the results of the powerln the third set of simulations, we compare Algorithm
minimization subject to a target rate constraint rangirggrfr 1 with Algorithm 2 with N = 2 tactical radio networks
Rterget — 2 kbps to R**9¢t = 256 kbps over10* Monte N, = 2 sub-channels by an implementation in the event-driven
Carlo trials (left part of the figure) and the correspondimges simulator OMNeT++/MiXiM. OMNeT++ is an extensible,
in percentage (right part of the figure). The classical IWFMmodular, component-based C++ simulation library and frame
(WF4) and the IWFA with sub-channel selection of two (WF2)vork, primarily for building network simulators [12]. MiXi
and three (WF3) sub-channels show similar performance. Tisean OMNeT++ modeling framework created for mobile and
IWFA with sub-channel selection of a single sub-channéiked wireless networks (wireless sensor networks, bodg are
(WF1) has worse performance than the other IWFA for highetworks, ad-hoc networks, vehicular networks, etc.) .[13]
target rates but has similar performance as the other IWFA this simulation, we have extended the OMNeT++/MiXiM
for low target rates. The IWFA with sub-channel selectioimplementation of the classical IWFA [14] to the IWFA with
of a single sub-channel sometimes fails to converge for losub-channel selection.
target rates (1.4 at R'%"9¢* = 4 kbps) and shows a good Figure 8 shows the scenario used for the simulation. The
convergence behavior for high target rates. The clasd3ig¢g first network is mobile and follows a pre-defined trajectory
shows a good convergence behavior for low target rates lith a constant velocity (about 90 km/h). In this network,
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node 1 broadcasts a common information to node 0 at 64 ol |
kbps. The second network remains at the same location i}
during the simulation. In this network, node 3 broadcasts a
common information to node 2 at 64 kbps. The most critical
configuration is obviously reached when the two networks
are close to each other, and the interference is maximal. The | ™ 1} 1

time interval between two inner loops is set to 0.1s in each pW! ] i i
network, while the time interval between two outer loops is e '“J I*M T
set to 0.5s with power updates ®6log,,(0.9) ~ 0.46 dB. T

The complex channel coefficients of the sub-channels follow " . .

a quasi-static Rayleigh fading model calculated from ramdo
complex numbers whose real and imaginary components are
independently and identically distributed (i.i.d.) Gaass We £
assume that the complex channel coefficients of the direct
channels (node - node 0 and node 3- node 2) do
not change during the simulation as the relative doppler
is zero (coherence timé. = oo0). However, the complex
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node 2 and node 3- node 2) have a relative doppler shift
fa = vf./c = 6.67 Hz, ¢ being the speed of light. The
coherence times of the complex channel coefficients of the
interference channels are given by = k/f4, k begin a
constant value between 0.25 and 0.5. Assuming a quasi-
static Rayleigh fading model for the the complex channel
coefficients of the interference channelsTherefore, they a 20
updated according to their coherence time euers 0.05s. .

Figure 9 shows the evolution of the data rate, the total
power and the occupation of the sub-channels versus time of  **
both networks for the classical IWFA. At the beginning of the
simulation, the total power of both networks is maximal, i.e
10 W. In this case, the difference between the sub-channel
gains is negligeable compared to the power being waterfilled
leading to 50% occupation between the sub-channels. As the
power is decreasing and as the networks are getting close to
each others, the first network tends to take the first subreian SE—— RN | S
and the second network tends to take the second sub-channel. Time (5)

o
=Y @ 5
3 8 8

IS
)

Sub-channel occupancy (%)

R\ | |
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Time (s)

Power for channel 1 network 2 _ Power for channel 2 network 2

Sub-channel occupancy (%)

Fig. 9. Data rate, total power and sub-channel occupationhi® classical
IWFA with N = 2 radio networks,N. = 2 sub-channels

However, this transition is a rather slow process and casecau
an increase of the total power and a difficulty to stabilize
the data rate for both networks. As the interference is gtron
enough to make both networks choose different sub-channels
the total power and the data rate converge towards stahleval
althoug the sub-channel occupation shows some convergence
issues. These convergence issues are due to the doppldr effe
on the sub-channel gains of the interference channels and th
existence of multiple Nash equilibria. Indeed, these ckénn
are not quasi-static fading channels since their coherimes

are lower than the time interval between two inner loops.

N

When the first network moves away from the second, we also
Wk, <A see an increase of the total power and a difficulty to stabiliz

the data rate for both networks.

— Figure 10 shows the evolution of the data rate, the total
power and the occupation of the sub-channels versus time of
both networks for the IWFA with sub-channel selection of

i
vt g

b e ) logll o

Fig. 8. Scenario used for the simulation
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Fig. 10. Data rate, total power and sub-channel occupatiorthe IWFA  Fig. 11. Data rate, total power and sub-channel occupatiothe classical
with sub-channel selection of one sub-channel with= 2 radio networks [WFA with N = 2 tactical radio networks and/. = 4 sub-channels
and N. = 2 sub-channels

with N. = 4 than N, = 2 sub-channels owing to the degrees

a single sub-channel. It is observed that the data rate afdfreedom introduced by the sub-channels. However, the
the total power are very stable for both networks. The firstanagement of the sub-channel powers is more complex as
network takes the first sub-channel while the second netwaen on the figures showing the sub-channel occupationsrersu
takes the second sub-channel. In this case, the systentirige. Moreover, some convergence issues appear due to the
converging rapidly towards one Nash equilibrium and thedoppler effect on the sub-channel gains of the interference
is no more convergence issues due to the doppler effect @rannels and the existence of multiple Nash equilibria.
the sub-channel gains of the interference channels. The convergence issues can be reduced using a more robust

In the fourth set of simulations, we compare Algorithm 1WFA such as [3], [4]. However, these algorithms either &rad
with Algorithm 2 with N = 2 tactical radio networks and performance with robustness or assume a specific diswitouti
N, = 4 sub-channels using the same scenario. Figure ¢fi the error process. In [15], [16], the authors proposed to
shows the evolution of the data rate, the total power and theuristically address the impact of such time-varying unce
occupation of the sub-channels versus time of both netwoitlénty by introducing a memory parameter at each iteration
for the classical IWFA. The data rate and the total power show € (0, 1] in the calculation of the transmission power levels
better convergence wittV, = 4 sub-channels compared tog?(t+1) = (1 — )¢ (t) + ap?* V4. However, the choice
N. = 2 sub-channels on Figure 9. Moreover, the averag&ﬁ the memory paraﬁnetem is crucial for the convergence
power necessary to achieve the required data rate is lovagd there is no method to find the optimal value. Recently,
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Fig. 12. Data rate, total power and sub-channel occupatiothe averaged Fig. 13. Data rate, total power and sub-channel occupatiorthe circular
IWFA with N = 2 tactical radio networks an@/. = 4 sub-channels averaged IWFA withV = 2 tactical radio networks anty. = 4 sub-channels

[17] proposed the averaged IWFA for improved robustne§§cular buffer of IengtrtT + 1 ‘with the transmission power
and convergence, showing that if the memory parameter|é$,e|s¢opt(T+Z+1) = Z ¢opt(t+1) Vi, . We call this

chosen as a time sequencg = , the transmission algorithm the circular averaged IWFA. As shown on Figure

1+t
’ i - 13, the circular averaged IWFA witli' = 4 has also better
power levels are averaged” (T + 1) = 7 Z ¢ (t+1)  convergence properties than the classical IWFA and similar

Vj. As shown on Figure 12, the averaged IWFA has bettepnvergence properties as the averaged IWFA.

convergence properties than the classical IWFA. As theroute Figure 14 shows the evolution of the data rate, the total
loop is executed every 0.5s and the inner loop ever 0.1s, pewer and the occupation of the sub-channels versus time
choosel’ = 4 to avoid averaging across multiple total poweof both networks for the IWFA with sub-channel selection
constraints. Indeed, the averaged IWFA is better suited fof a single sub-channel. The first network takes the first
maximizing the data rates subject to a total power congtragub-channel while the second network takes the second sub-
(inner loop of the IWFA) than minimizing the powers subjecthannel. The system is also converging rapidly towards one
to data rate constraints (outer loop of the IWFA). Therefor®lash equilibrium and there is no more convergence issues due
each memory parameter sequence should be restarted @t to the doppler effect on the sub-channel gains of the interfe
whenever the total power constraint is modified. To averagace channels and the existence of multiple Nash equilibria
across multiple total power constraints, we propose to feeddne can observe an increased power for both networks of
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channels. A second advantage is to lower the complexity of
the physical layer in the case of a multi-carrier waveform
with non-overlapping sub-channels. A third advantage is to
give the networks more facility to avoid each other for high
target rates and to improve the convergence of the IWFA
in wireless channels. In a wireless scenario, multiple Nash
equilibrium solutions of the IWFA exist and no theoretical
proof of convergence can be obtained. Therefore, the con-
vergence of the IWFA with/without expert rules have been
studied through extensive simulation results using MorateaC
trials of multiple channel realizations and locations oé th
radio nodes and the networks, as well as an implementation in
OMNeT++/MiXiM. Simulation results show that sub-channel
selection does not affect drastically the performance dfAW
and in some cases can lead to better performance and a better
convergence behavior in wireless channels. This is edpecia
true for IWFA with sub-channel selection of a single sub-
channel showing no errors of convergence, which could be
seen as an enhanced version of a simple “detect and avoid”
strategy.
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