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Fundamentals of Dynamic Frequency Hopping in
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_Abstract—\We examine techniques for increasing spectral a frequency-hopping-based system called Richochet. Motorola
efficiency of cellular systems by using slow frequency hopping has investigated innovative applications of frequency hopping
(FH) with dynamic frequency-hop (DFH) pattern adaptation. We  ¢o cellular systems [13]. Ericsson has reported analytical

first present analytical results illustrating the improvements in - h . .
frequency outage probabilities obtained by DFH in comparison studies and simulations of frequency-hopping GSM [14]-{16].

with random frequency hopping (RFH). Next, we show simulation DCA, Simi_larly to FH, can provide higher S_pectrum effi-
results comparing the performance of various DFH and RFH ciency than fixed frequency assignment strategies, for light and
techniques. System performance is expressed by cumulativemedium loading.

distribution functions of codeword error rates. Systems that we FH and DCA techniques operate in different dimensions and

study incorporate channel coding, interleaving, antenna diversity, . - . .
and power control. Analysis and simulations consider the effects thereby provide the motivation for combln!ng them. This pap(_ar
of path loss, shadowing, Rayleigh fading, cochannel interference, focuses on the concept, named dynamic frequency hopping

coherence bandwidth, voice activity, and occupancy. The results (DFH), of using slow frequency hopping and adaptively
indicate that systems using DFH can support substantially more modifying the utilized frequency-hop patterns based on rapid
users than systems using RFH. frequency quality measurements. The continuous modification

Index Terms—Cellular, code-division multiple access (CDMA), Of patterns based on measurements represents an application of
dynamic channel allocation (DCA), dynamic channel assignment, DCA to slow frequency hopping. It is a nontraditional DCA
EDGE, frequency hopping, orthogonal frequency-division multi-  scheme, since only a part of the channel is replaced, namely,
plexing (OFDM), spectral efficiency, wireless. some subset of frequencies in the frequency-hop pattern is
replaced by a better quality subset. Dynamic frequency hopping
attempts to track the variability of interference conditions and
_ _ mitigate it by FH pattern adaptation.
A NUMBER of techniques have been used to combat im- Ap jgeal DFH method works in the following way. At each

pairments in rapidly varying radio channels and to Obtaﬁbpping instant, instead of hopping randomly or according to

high spectral efficiencies in cellular systems. Some of those &igme predetermined repetitive pattern, the base station or mo-
channel coding and interleaving, adaptive modulation, transte measures the quality of each frequency, filters the measure-
mitter/receiver antenna diversity, spectrum spreading, and gfent, and thereafter sends the data using the "best” frequencies
namic channel allocation (DCA). This work utilizes a multichosen according to some criterion. Hysteresis can be applied
plicity of techniques, with an innovation in the frequency-hopn discarding previously used or in using new frequencies. The
ping domain [1]. This paper presents the results of analytical aadmber of hopping frequencies that change at every hop can be
simulation studies of the combined effects of frequency-hopmited to minimize system instabilities and complexity.
ping and a special form of dynamic channel allocation (DCA) This paper contains the results of analytical and simulation
manifested by frequency-hop pattern adaptation [2]-[6].  studies. In the analysis part, we analyze the performance of the

Frequency hopping (FH) can introduce frequency diversiptoposed scheme in the uplink of cellular wireless systems. The
and interference diversity. It can be an effective technique fperformance is expressed by outage probabilities at any fre-
combating Rayleigh fading, reducing interleaving depth anfliency that is a component of a frequency-hop pattern. Moti-
associated delay, and enabling efficient frequency reuse ivated by large improvements in outage probabilities observed
multiple access communication system [7], [8], [10]. The use of the analytical results, we have pursued the simulation work.
frequency hopping in GSMis the mostimportant FH applicatioDn the simulation front, this paper investigates both ideal and
in cellular. Sony and Telia have proposed orthogonal frequendgwer complexity DFH techniques:
division multiplexing (OFDM) systems with baseband types of 1) full-replacement dynamic frequency hopping, which as-
random frequency hopping [11], [12]. Metricom has deployed  sumes changing all current frequencies of poor quality

after each physical layer frame;
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mulative distribution functions (cdfs) illustrating the percentile
of users that experience codeword error rates below some value.
The results indicate that dynamic frequency hopping can im-
prove the performance of cellular systems with frequency reuse
significantly when compared to random frequency hopping. e

This paper is written to provide motivation to seek solutions
for increasing spectral efficiency in the domain of frequency- .
hop pattern adaptation. The analytical results are valid for ide-
alized DFH, which is not implementable in a realistic cellular —
system. In subsequent work, we have proposed solutions that
yielded implementable forms of dynamic frequency hopping re-
quiring moderate rate measurements and less than 5% increase
in signaling overhead over the air and over the inter-base- station
network. The DFH methodology is particularly attractive for
OFDM modulations.

Section Il, together with the Appendix, presents the theor
ical analysis and its results in the form of outage probabilities
for random hopping and for DFH. Section Il describes the sim-
ulation studies, and Section 1V presents the simulation results.
Section V is the conclusion.

é:f'_g. 1. A cellular system comprising hexagonal cells.

2) pdf of the combined shadowing and Rayleigh fading
(modeled by a single log-normal pdf);
3) pdf of interference from thith tier with IV, cells;
4) pdf of the total interference.
Consider a cellular system shown in Fig. 1. The central cell is
We have first pursued the theoretical analysis of DFH in ordgte cell with the desired mobile. The interfering mobiles are in
to substantiate an intuitive thinking that FH pattern adaptiviells arranged in tiers around the central cell. The first tier has
will improve the performance of frequency-hop cellular syssix cells, the second tier has 12 cells, the third tier has 18 cells,
tems. Some previous studies provide excellent analyses of f§@d so on. Each cell has a base station at its center. All cells have
guency-hopping cellular systems. We extend generic meth@fnnidirectional antennas.
ologies from [8] and [10] for the case of dynamic frequency | the analysis, we assume that the user is connected to
hopping. Study in [5] revolves around adaptive frequency hoghe closest base station (in simulations, base stations with the
ping using the predefined set of FH patterns with good corgighest power are used). Consider the interference generated
lation properties and is thereby more restrictive than what W&m mobiles of a particular cell to the base station of interest.
are interested in. The work in [9] is custom tailored to hlgh-frq:ig. 2 shows the geometry. For simplicity, in what follows, we

quency systems and does not easily carry into cellular systemsgme that each cell has a circular shape with a unit radius.
In this section, together with the Appendix, we derive analytical,; .

; : . | ; be the distance of the interfering mobile from ik
expressions suitable for comparing random frequency hoppiag, ¢ the desired base amdbe the distance of this mobile to

and dynamic frequency hopping systems. We use them to Verii’%’base. Let® be the shadowing attenuation of the interfering

the intuition by_comparing the outage probabilities in randorl'rjSer from cellj. Then the long-term interference (caused by
FH and dynamic FH cellular systems. Ehadowing) at the desired base station from an interfering user

Il. ANALYSIS OF DFH

Slovy-frequency_-hopped cellular systems considered in t ecellj is given by
analysis part of this paper assume frequency reuse of one. The
total available system bandwidth is divided ind frequen-
cies. The time is slotted. The signal from a given transmitter S. — (Q)_'B i 1)
is hopped from slot to slot by changing the carrier frequency. ’ r
The hopping patterns for the users within the same cell (intra-
cell interference) are orthogonal. Users in one cell have hophe propagation loss exponefitvaries in the range 3-6. The
ping patterns that appear to be random to users in any other egHdom variablé;, which models the effect of log-normal shad-
(intercell interference). Therefore, there is no intracell interfepwing, is Gaussian distributed with zero mean and variazfjce
ence, and the intercell interference follows a probabilistic lawghere the value fos varies from 6 to 12 dB.
We assume Reed—-Solomon coding withsymbols, where the  Computation of the pdf for interference from a single mobile,
length of the codeword corresponds to the number of bits c@&used by shadowing when power control is assumed, is shown
rying data for one speech frame. The interleaving is done oygfihe Appendix. The computation assumes that the power con-
the full frame. Hopping is done once per two code symbols. o] error can be modeled by a log-normal random variable (RV),
as well as random variablg;. The primary motivation for using
log-normal distribution is to obtain tractable analytical expres-
We have obtained the following analytical expressions:  sjons. This has been commonly done in the theoretical work in
1) probability distribution function (pdf) of the long-termthe wireless literature [22]. One should note that a better indi-

(shadowing) interference at the desired base station fraxator of the actual system performance is obtainable only by
one interfering user in another cell; comprehensive system simulations, presented later.

A. Interference Modeling
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2) Measurement-Based DFHie consider two measure-
ment-based dynamic channel allocation schemes for frequency
hopping (dynamic FH pattern adaptation). Assume that there
are totallyN hopping frequencies. Suppose that at any hopping
instant, there are < N active users in the system. For the
random hopping scheme, out of N frequencies are picked
randomly. For the measurement-based hopping schemes,
however, then frequencies are chosen according to some
quality measurement. In the ideal case, we can pickrthe
frequencies that have the best SIR, and we call thisbtmst
; SIRmethod. Alternatively, we may pick thefrequencies with
/ the smallest interference powers, and we call this scheme the
! least interferencenethod. Next we compute the average outage
/ probabilities of these two hopping schemes.

In what follows, we assume that the interference from the
other cells still follows the same statistics as before, i.e., as

T in the random hopping scheme. This is motivated by the fol-

lowing. In a practical system implementing dynamic frequency
X Desired mobile i 0.th ccl hopping, it will be required to have synchronized and coordi-

’ nated base stations (as proposed in [17]). In that case, it will
be possible to avoid undesirable situations where independent
base stations simultaneously assign the same good frequencies
Fig. 2. Layout of the desired and interfering mobile in two cells. to new frequency-hop patterns, and possibly make the perfor-

mance worse. With such coordination, the outage probabilities

The computation of the total interference arriving at the d@btained by modeling the interference frequency hopping by the
sired mobile presented in the Appendix takes into account ti@dom hopping scheme will be higher than outage probabil-
activity of interfering users and combines the effects of Rayleidtes when interference is modeled by the dynamic frequency
fading and shadowing into a single log-normal distribution [22f1opping. Using the random frequency hopping for interference
[24]. The computation is broken into segments, according to thedel also simplifies the analysis.
tiers of surrounding cells. To compute the sum of interferencesa) DFH Best SIR HoppingDenotey; = (S/I); as the
from all tiers, a lengthy convolutional expression is approx8IR for theith frequency. We have previously computed the
mated and the final result figures as the sum of two log-norm@iitage probabilityP[»; < #]. Suppose that now we choose
distributions. Interference expressions for one frequency, cotien frequencies with the highest SIR out of the tatalavail-

Interfering mobile

from j-th cell \

puted until this moment, are the same for any form of frequenéple. Now letys; be thejth largest one inp1, 42, ..., 9w, for
hopping that we further consider. 7 =1,2,... n. Thenthe average outage probability in this case
is given by
B. Outage Probability Calculations _ 1< _
Po=—% P <] 2
The outage probability is defined as the probability that i=1

:E?ess;]%r:;l }legfrzr?é(j Ira'io ;}S Illj())rlihfspsu:gigez szﬁi';"\zvqwere the outage probability of th¢h best frequency is given
paper, the outage probability is defined for a single hop in
set of hops, which are executed for the duration of one speech
frame. Since we use Reed—Solomon coding that covers the full _ N\ Nk
frame (containing several hops), we can tolerate some number r [1/’1 < 77] = Z < k ) Fe(1- 1) NG
of frequencies in outage condition within a frame. k=N—j+l

1) Random FH:In the Appendix, we compute the outage
probability for random hopping and a single antenna case.b) DFH Least Interference Hoppingtn the least interference
There, the received signal power is modeledSas= Spa3, hopping scheme, the frequencies with the least interference
where o2 is exponentially distributed with parameteyX. power are chosen in every successive hop. Denafe #he jth
and S, models the long term signal strength fluctuation duleast interference power among tNefrequencies; then the dis-
to propagation path loss, shadowing, and power control. Wébution of I; is given by
provide both exact and approximate calculations for the outage
probability with the desire to use the approximate expression M
after verifying its validity with the exact expression. Outage o= Z <M) Fr(z)*( — F(z))N %, (4)

probabilities for the antenna diversity case are shown in [2]. ’ =y k

N
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Fig. 3. Outage probability calculated for perfect power control and random hopping from the exact solution and the approximate solution.
The outage probability at thgh frequency is then given by 5) three tiers of cells are considered for interference genera-

tion for all expressions using the approximation;
6) computations are done assuming circular cell shapes;

P,(j) =P {% < 77} =1-P [Ij < &} 7) omnidirectional antennas are assumed;
Ooj n 8) outage threshold has been set at SNR dB.
:/ dazFy. <§> fsy (). 5 Before we use derivations from this paper, we check the va-
0 AN lidity of the approximate distribution of the interference. To do

S0, we compute the exact probability in a two-tier system, which

The average outage probability among thactive users is then €mploys random hopping and perfect power control, through
given by both the exact calculation (20) and the approximate calculation
(21). The outage probability is computed against the number of

T users in a cell, where the number of frequencies available is 22.
B == Z P.(p. (6) Theresults are shown in Fig. 3. The match between approximate

i and exact results is good. In what follows, we use the approxi-

mate distribution to compute the system performance under var-

ious conditions.

C. Numerical Results of the Analysis Remember that for the purposes of this paper, the outage

_ ) _ ) probability is defined for a single hop (frequency) in a set of
Numerical evaluation of the analytical expressions has beﬁgps that are executed for the duration of one speech frame.

obtained for the following conditions: Since we use Reed—Solomon coding that covers the full frame,
1) circuit-switched cellular systems with frequency reuse @fe can tolerate some number of frequencies in outage condi-
one; tion within a frame. The word error rate (WER) that is derived
2) full orthogonality between frequency-hopping patternf®r one frame and on the basis of outage is a better indicator of
associated with a single base station; the performance of this system. Thereby, later on, we shall use
3) total number of available resources equal to 22 (this cA¥ER as a performance measure in simulations.
responds to 22 frequencies); Fig. 4 illustrates the advantage of dynamic frequency-hop-

4) loading refers to the number of users that get allocatpithg schemes when compared to the random frequency-hopping
to a single cell, and can be expressed as a percentagsctieme. Under ideal conditions where measurement and adapta-
divided by the total number of resources; tion are assumed to be done instantaneously, the advantages are
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Fig. 4. Outage probability comparison for random frequency pattern allocation and for measurement-based pattern allocation.

dramatic. The least interference scheme vyields slightly worse3) threshold-based DFH, where a subset of currently used
results than the best SIR frequency allocation. frequencies is changed (those frequencies with SIR below
Fig. 4 thereby substantiates the intuitive thought that dynamic  a threshold).

frequency hopping outperforms random frequency hoppinghe simulations have been done for the uplink of circuit-

Due to the approximative nature of analytical studies as weljitched cellular systems. The performance is expressed by

as their complexity, we pursue further evaluation of DFH bydfs illustrating the percentile of users that experience code-

means of simulation. word error rates below some value. The results indicate that
dynamic frequency hopping can improve the performance of
cellular systems with frequency reuse significantly, compared

Ill. SIMULATIONS to random FH.

With the motivation provided by the analytical results, we
pursued simulation studies to more accurately evaluate the befie-Description of the Simulation Model
fits of dynamic frequency hopping in cellular systems. The sim- The system evaluated in our simulations is based partly on
ulations in this paper are still targeted at evaluating the potafiz work by Ericsson [16]. This work is distinguished from Er-
tial theoretical gains of dynamic frequency hopping: we assum&son’s in that we introduce the concept of dynamic frequency
that measurements are ideal and encompass the effects or Bg{hhing, and we follow the simulation approach to obtain the re-
shadowing and Rayleigh fading, as well as the ability to estimaigits. Dynamic frequency hopping relies on continuous quality
the interference power. For practical systems, this is not accoponitoring of all frequencies available in a system and modifi-
plishable. We evaluated the sensitivity of the DFH performaneg@tion of hopping patterns for each individual link. In practice,
as a function of practical constraints, came up with a practicg| frequencies can be measured if OFDM is used, or even in tra-
implementation of the DFH, and presented parts of this work #itional time-division multiple access (TDMA) systems at lower
[17] and [18]. speeds. In a separate paper, we address the issues of practical de-
This section investigates three DFH techniques: ployment of DFH and suggest a network-assisted methodology
1) full-replacement dynamic frequency hopping, which ager reducing the overhead [17].
sumes changing all current frequencies of poor quality We consider frequency reuse of one. The total available
after each physical layer frame (code word); system bandwidth of 12.8 MHz is divided into 64 frequencies
2) worst dwell DFH, where only one frequency (the lowegas in the GSM standard). The time is slotted into eight slots
quality one) in a frequency hop pattern is changed;  per frame. The length of one frame is 40 ms. For every frame of
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data from a user, a codeword that consists of 12 Reed—Solomon TABLE |
symbols is sent. Each pair of Reed—Solomon symbols is SIMULATION PARAMETERS
transmitted on a plifferent frequengy. Thus, in one frame, ON™ pARAMETER VALUE
user hops over six of the 64 po§5|ble frequengles. A decod Cellalar Geid 19 cells, Weap around
can correct no more than two pairs of symbols in an outage. Cells Hexagonal, Unit radivs
more than two pairs of symbols are in error, a frame error i: g u1ation Type Static, Uplink
declared. Hopping patterns for users within the same cell ai Interference Random, Two tiers
orthogonal at all times (there is no intracell interference). Bas Propagation exp = 3.7, path gain 120dB at 1Km
stations in different cells are frame synchronized, but no othe Shadowing Variance 8dB
coordination is assumed. Thus, users in one cell have hoppil Freq. Quality Threshold 4dB
patterns that appear to be random to users in any other ci Power Contirol Path gain (shadowing) compensation
(intercell interference). Frequencies Available 64

Channel Coding Reed Solomon - 12 smbls/frame, 2 smbls/dwell

For uplink frequency-hop pattern management, patterns a

e . Receiver 2 branch max ratio combining
modified based on frequency quality measurements performe o 0 — 64 mobil A
. . . ccupanc, - moblles per ¢
at base stations. Frequencies used in one frame are replacec Voice :ctivfty 05
better ones in the pext frame. Measurements and pattern ME  \iobile Distribution Uniform
agement are done independently by each base station. There ;16 Assignment Base with highest power

ists a problem whereby two or more base stations could identify

a particular frequency as a good-quality frequency at the same . o
time and start using it at the same moment in future. This sit§fid structure has been devised to eliminate edge effects. The

ation would result in a high mutual interference and would H8°de! supports loading of each cell with up to 64 uniformly dis-
detrimental to the performance. We assume that a concept siHRuted mobiles. Propagation attenuation is modeled using the
ilar to token passing is deployable, which can ensure that b&&@onential factor of 3.7 with the median path gain-Gi29 dB

stations close to each other do not execute frequency modifigh Km- The model has been built with log-normal shadowing
tions at the same instant of time. and Rayleigh fading generated with no correlation in time, but

. rather by drawing uncorrelated samples from the pdfs. Simula-
Three measurement-based frequency-hopping methods were - )
. tions have been done for log-normal deviation of 8 dB. Loading
simulated. . . . o
for all base stations is the same on average. Voice activity of 0.5
1) Full-Replacement MethodAll six frequencies used in is modeled. The parameters of system simulations are summa-
one frame are replaced with better frequencies in thiged in Table I.
next frame. This guarantees that during an entire trans-For dynamic frequency-hopping simulations, FH patterns are
mission, frequencies with the best quality are used. FRidallocated independently by each base station, making sure that
pattern modifications are done in a centralized fashi®®H patterns of all mobiles within one base are orthogonal.
at each base station for all of the base station’s mobiles.A result of one simulation is a cumulative distribution func-
This method gives the best possible performance of @&bn of the link word error rate, obtained across all base stations
dynamic frequency-hopping methods. Rapid measurfer all active mobiles. Thermal noise is ignored. Actual Reed—
ments of interference, SIR, or other quality variables a®olomon decoding is not executed in the simulations. Rather, a
required for all 64 available frequencies. This methogimple count of the number of symbols in outage (per frame)
creates heavy messaging overhead over the air for eused to evaluate if the decoder could recover the frame from
changing the data about new frequency-hop patterns. errors. If more than two frequencies (out of six total) used in a
2) Worst Dwell Method:To achieve a satisfactory systemfrequency-hop pattern (one per frame) are in poor conditions, it
performance, it is possibly enough to periodically changg declared that the word is in error. We use the threshold-based
only one (or an arbitrary number) of the six used frequestecision where the SIR threshold is set to 4 dB, a number ap-
cies—the one with the worst quality (highest interferencgropriate when Rayleigh fading is included in simulations. The
lowest SIR, etc.). resulting cdfis truncated, since all WERs smaller than 0.001 are
3) SIR Threshold-Based Method/ith this method, the pat- accumulated in one point of the cdf function.
tern change is done sparingly. In each frame, SIR is mea-Two Rayleigh fading models have been used in the experi-
sured on the six used frequencies and the current hgfents. In one model, each of the frequencies in a frequency-hop
ping pattern is changed if the measured SIR does ngdttern is faded independently. This model is reasonable for
achieve the required threshold on at least one of thegystems where the total bandwidth available for hopping is large
Only the frequencies in poor conditions are changed. A@nough to guarantee frequency decorrelation. Such would be
frequency that meets the threshold can be used as atfe case for the GSM system if 12.8 MHz were used. Another
placement, and there is thus no need to scan all possikiedel assumes that for one user, all frequencies in a frame ex-
frequencies. perience the same Rayleigh fading. This model takes advantage
A hexagonal cellular system with 19 base stations has beanly of the interference avoidance property of frequency-hop-
implemented to evaluate the performance with two tiers of iping, and it is suitable for systems where the total available
terferers. A cellular uplink has been modeled. A wrap-arourmhndwidth



2260 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 19, NO. 11, NOVEMBER 2001

Comparison between random fregeuncy hopping (reuse 1) and fixed channel assignement (reuse 4)
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Fig. 5. Fixed channel allocation versus random frequency hopping.

is on the order of channel coherence bandwidth. In practiaall per slot per full band (8/64 and 10/64, where 64 indicates
wide-area cellular systems, the coherence bandwidth is on the total number of available frequencies). Results for 10/64 are
order of 1-2 MHz and the total bandwidth for hopping may bghown in Fig. 5.

between 1 and 10 MHz. Both models have been evaluated and he figure should be read as follows. 1) Every curve repre-
compared. From the simulation time perspective, the modigints the performance for one set of parameters. 2) A curve is a
where all frequencies fade the same is less complex. Sirsémulative distribution function for the set of word error rates
the primary target of this work is to establish the benefits @ttained by all users in the system for a simulation run. 3) One
interference avoidance by dynamic frequency hopping, md¥int on the uppermost curve communicates that a given per-
of the simulations are done with common (fully correlatedjentage (ratio below one) of users has the word error rate lower
Rayleigh fading. than that point'sc-axis value. 4) The higher up the curve is on

nch receive antenna diversity has been incorporated in #€ 9raph, the better the performance for corresponding param-
simulations by default. Both omnidirectional antenna arff€rs Is. o _
three-sector sectorized cell cases have been evaluated, AS €xpected, in Fig. 5, for equally faded frequencies,
comparison has been done between the two, but the majofft§ random hopping model performs slightly worse than
of the results shown in this paper are for the omnidirectioni{]¢ fixed channel assignment. For independently fading
case. For purposes of comparison, a cellular system with fixs§duencies, random hopping is superior. At the occupancy
channel assignment and frequency reuse of four has been fh10/64. the fixed channel assignment can achieve 90 per-

plemented. Simulations have been run for single slot operatigﬁ,m"e coverage with word error rates better thar10

which suggests that a crude way of calculating the effecti get the ‘approximate value of spectral efficiency, we
. . .multiply the number of users per cell per slot per total
bits/second/hertz performance can be done by multiplicatipn " . - )
with a factor of eight (eight slots per frame) andwidth with the number of slots and divide this by the
9 9 P ' total bandwidth:10 [users/cell/slof]g[slots]/12.8 [MHz] =
6.25 [users/cell/MHz]. For the same spectral efficiency, the
coverage of random frequency hopping is 95 percentile, for
The validity of the proposed simulation model has been vendependent Rayleigh fading on all frequencies. These results
ified by comparing random frequency hopping with frequencgre reasonable when compared to the actual GSM numbers, re-
reuse of one and fixed channel assignment with frequency reasembering that the results here are shown for omnidirectional
of four. Comparisons have been made for GSM-like enviromantennas and that channel coding is different from what GSM

ments and for two values of occupancy—eight and ten users pgstems use. Comparing our random hopping results with Two-

IV. SIMULATION RESULTS
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Fig. 6. Performance of full-replacement dynamic frequency hopping as a function of occupancy.

brathe results from Ericsson’s paper [16], we note that in Fig.B, Performance of Low Complexity DFH Methods

Chennakeshu reports around 17 [users/cell/MHz] for similar _ . . )
conditions. Simulations presented in the figures above do not 19 10 gives the comparison of three dynamic FH pattern

utilize power control and antenna sectorization, both of whi@f@Ptation methods and random hopping for occupancy of
bring significant improvements (shown later). 16/64 and identical Rayleigh fading in all six hops. We observe

the improvement in performance compared to random hopping.
The SIR threshold for the threshold-based method is set to

A. Performance of the Full Replacement FH Method 8 dB.

Fig. 6 shows the performance of the full replacement dynami¢ -omments

frequency hopping for several occupancies between 16 mobiles

per cell per slot per total bandwidth and 44 mobiles per cell perimplementation of ideal dynamic frequency hopping, which
slot per total bandwidth (16/64 and 44/64). The results applgquires intensive measurement processes and significant over-
to the same Rayleigh fading in all hops. Both 16/64 and 20/6#ad for signaling, is impossible in realistic cellular systems.
occupancies provide better thanet@ WER at 90 percentile To address this issue, we have investigated methodologies for
coverage. This maps into the spectral efficiencg@®/12.8 = deploying DFH in realistic systems, as well as the impact of
12.5 [users/cell/MHZz]. reduced rate measurements and signaling latencies. This ap-

In Fig. 7, we contrast the performance of random frequen&yoach requires base-station synchronization and coordination
hoppmg and dynamic frequency hoppmg for Occupancies B.f?] The results of this paper provided motivation to seek im-
16/64 and 24/64 with identical Rayleigh fading for all hops. Plementable solutions for dynamic frequency hopping.

The benefits of independent Rayleigh fading are illustrated Some additional issues that we investigated in the course of

in Fig. 8 for occupancy of 24/64. For DFH, occupancy of 24/61€ DFH study are as follows.

will result in 98 percentile coverage at WER lower thar 18 1) Reference [3] contains a large set of curves illustrating
To illustrate the benefits of three-sector antenna sectorization, various aspects of the performance of low-complexity

we plot Fig. 9. Observe that even for random frequency hopping,  DFH methods.

the WER of 1@~2 can be reached for 96% of users for occu- 2) Setting SNR threshold for detection to a value other than

pancy of 16/64 and for three-sector antenna sectorization. The 4 dB does not change the relative comparison between

results are comparable to those in [16]. RFH and different forms of DFH.
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Performance of dynamic frequency hopping vs. random frequency hopping
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Fig. 7. Comparative performance of full-replacement dynamic and random frequency hopping.
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V. CONCLUSION & ~ N(0,02). Therefore, the distribution of; under power

. control is given b
This paper evaluates the performance of the measurement- g y

based frequency-hop pattern adaptation (dynamic frequency

hopping) applied to cellular systems. Js,(x)
We have developed an analytical framework for modeling cel- 0 S <

lular systems with frequency reuse of one that takes into ac- %P[ i <4l

count mobile locations, propagation path loss, shadowing, mul- 1 27 L o

tipath fading, Doppler shift, channel correlation, antenna diver— ;/0 d9/0 drro—

sity, channel coding, and dynamic channel allocation. Through —8/2

the numerical evaluation of the outage probabilities per one fre- x b [(7’2 + dﬂ?’ — 2rd; cos 9) roefote < x}

quency-hop dwell, we have obtained the results thatindicate that 1 /2~ 1 d

DFH, in ideal conditions, significantly outperforms random fre-— }/0 d9/0 drro_@

guency hopping. For a loading factor of 0.8, the DFH creates an 4 I\2 "

outage of 5%, whereas random frequency hopping generates an log(z) + 5 log <1 + (TJ) -2 (TJ) cos 9)

outage of 15%. X
We have also generated simulation results that illustrate the

gains of DFH presented through cumulative distribution func- 1 o 1

tions of the word error rate. Three dynamic frequency-hopping- / d9/ dr rexp

techniques have been investigated: 1) full-replacement dynamic 73 (02 + of 0 0

a2

+

2
Te

frequency hopping, b) worst dwell dynamic frequency hopping, ) g1 4;\2 4 2
and c) threshold-based dynamic frequency hopping. log() + g log { 1+ (7) —2 (T) cosf
As an example, the results indicate that the full-replacement * | ~ 2(02 + 02)

dynamic frequency hopping provides service to 90% of users

at WER better than 102 with occupancy of 21/64 (21 users

per cell per slot per total bandwidth). This corresponds to the

spectral efficiency of 13.1 [users/cell/MHz] and can also be préthere®(.) is the cumulative Gaussian distribution function, i.e.,
sented as the occupancy of 32.8%. The same coverage and ViER) = 1/v2r ffoo e”t/2 . dt.

are obtained by random frequency hopping for the occupancyA‘S the first step toward approximating the distribution of the
below 12.5%. In both cases, power control and antenna st@! interference, we approximate the distributionsfby a
torization are not considered. The performance of the reducé@@-normal distribution, i.e.5; = _@Xj' Xj ~ N (my,u3),
overhead methods is worse than the performance of the full-¥d1erem; andu? are the logarithmic area mean power and log-
placement method but better than the performance of rand8f§hmic variance of the log-normal approximate distribution

frequency hopping. The choice of thresholds and the number
of frequencies that get changed in one adaptation step can pro-  a o < -

vide systems with performance anywhere in the range between) 7 =E {log($;)} = o we' fs,(¢")dz (7)
full-replacement dynamic frequency hopping and random fre- a ) 0 . .

guency hopping. We also show that the improvements in per- “12 =E {log*(5;)} — mj? :/_ a%c” fs, (e")da — m12

formance are significant when independent Rayleigh fading is 8)
assumed for frequencies in a frequency-hop pattern.

We modeled both power control error and the interference by

APPENDIX log-normal variables.
A. PDFs for Interference From a Single Mobile B. PDFs for Total Interference
Assume that the interfering mobiles are uniformly distributed The total interference arriving at the desired mobile can be

in their cell j. Let d; be the distance between the base staqtionwr'tten as

and the desired base station, and(te¥) be the polar coordi-

nate of the interferer in cefl We consider the distribution of the 1= Z Xijocf» + Z Xijocf» 4+ 9)
RV 5; when there is power control. For the desired signal, the jeTh JET

effect of power control is to normalize the mean signal strength

to unity and reduce the shadowing variance to the power contjghere

error. For each interfering signal, the effect of power control is to 7. jthtier;

scale the area mean signal strength and increase the power varj(j Bernoulli RV representing the activity of a user at
ation by adding a power control error to the shadowing factor. A the considered frequency (voice activity in circuit
method for modeling power control error, which is used in the switched systems) in thgh cell;

literature [16], is to represent it by a log-normal R¥ , where «;  exponentially distributed with parametef L
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The effect of combined log-normal shadowing and Rayleigipproximate the summation term on the right-hand side of (14)

fading is approximated by a single log-normal distribution [22
ie.,Z; £ S0 =¥, Y; ~ N (u;,v%). Furthermore

Fz,(z)=1—-P(Z; > z)
=1 —/ P(S;05 > 2| S; =s) fs,(s)ds
0

b z
=1 —/0 exp (—E) fs,;(s)ds (10)
oy (~
fr, () 2 220)
IS / T
V2 Jo o 82
_(og(s) —my)* =
X exp < 2%2 s ds. (11)
Now 1; andv? are given by
ny SEos(Z)h = [ e fay )y (12)

v 2B og(Z)h =8 = [ e gy i
(13)

The distribution of the total interference power from fhb tier

hy a new log-normal distribution function, i.e.,
Ny,
N 1.1 £1
(%) a-p i)
=[1-(1-p™ (16)

=1

] gn(@)
with g(x) a log-normal distribution function. The logarithmic
mean and logarithmic variance of the new distribuggrcan be
calculated as follows. Suppose ttigt = efx ~ gi(z); then

oo

E(T}) :/_
1

TL- (- p)N

oo

Xpi/

oo

/_OotQGtgk(et)dt
Ao L Z (F)a-

X pi/ t2et fi(eh)de
Denoteg;, = (1 — p)™x; then (14) is approximated by

te'gr(eh)dt

N

Ny 7 —i
> < fzk) (1—p)™
=1

tel fi(et)de

oo

with N, cells is

Ny,
5t ZX’“S’“ Ny
=1

Note thatZ* are independent and identically distributed (i.i.d.) fr(x)
RV. Suppose thaf’(y;) = p; then it is easily seen that the
distribution of I is given by

(1 - p)™o(a) + Z

Jr. (@) =2 qué(x) + (1 — qr)gr(2). (17)
Now substituting (17) into (15), we obtain the total interference

distribution. For instance, the distribution of the total interfer-
ence from the first two tier§ = I; + I, is given by

=[qé(z) + (1 - q1)g1 ()]
@ [g26(z) + (1 — g2)92()]
=q126(x) + (1 — q1) 201 ()
+ @1 (1= q2)g2(z)(1 — q1)(1 — q2)g1 © g2().

fi(z) = (18)

Ny N,
— 1
_ \Nu—i i g1 ® g=(x) isthe distribution function of the sum of two indepen-

(1 =)' f (@) = rwoin

dentlog-normal RVs, andthusitis alog-normal distribution func-

wheref;A denotes the pdf of a sum éf.i.d. RVs, each having tion with mean and variance computable by the method in [24].

the same log-normal distribution &&'. It is a common prac- C. Outage Probability for Random Hopping
tice to approximate the distribution of a sum of log-normal RVs

by another log-normal RV. A recursive technique for estlmatmg
the first two moments of the logarithm of a sumiof> 2 in-
dependent log-normal RVs can be found in [24]. By applylnp)(;'
this procedure, starting with the logarithmic mgan and log-

arithmic variancey3, of the dlstrlbutlonfzk , we can then com-

(14)

The received signal power is modeledsas: Spad, wherea?
exponentially distributed with parametefXlandS, models

e long-term signal strength fluctuation due to propagation path
ss, shadowing, and power control. With power control, the pdf
of Sy is given by

pute the logarithmic meamn;; and Ioganthmlc vanance of fsu (@) = ﬂp [egﬁ < x] _ 1 b <_log2(a:)> )

the log-normal pdff7A Therefore the total d|str|but|on from or V2ro.x a2 19

the kth tier f;, (@) is obtained. Suppose that there are atotalt% exact closed expression for the outage robabilit( c;n be
K tiers that contribute interference at the desired cell. Then gtained as follow3'p gep y

distribution of the total interference Zk 1 1w is given by
5004(2)

pap |20
25 X350

|

S
o} > 1Y xs—]
J

J1(@) = () @ [1,(x) @ @ [r, (x)

where® denotes convolution. A direct substitution of (14) into
(15) would result in an extremely lengthy expression. There-
fore, we need a further approximation on (15). To that end, we

(15)

=1-P
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n Sj 9
=1- ESO,Xj,Sj,a§ exp <_X ZXJS_;%
J

n.oSi o
et [T [ oo (0 %9)]
- L+ng,

(18]

(19]
(20]
(21]
(22]

(23]

If we use the approximate distribution of the total interference24]
I developed in the previous section, we have

(1]
(2]

(3]

(4

(5]

(6]

(7]

(8]

El

(10]

(11]

(12]

(13]

(14]

(15]
(16]

(17]

0 0
(21)
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