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ABSTRACT 

Cellular communication systems which provide telephone communication service to 
mobile users have experienced a rapid growth during the last five years. The current cel-
lular systems are analog in nature. These systems employ frequency modulation. As the 
spectrum gets crowded, bandwidth efficient digital systems will find increasing applica-
tion. 

Gaussian Minimum Shift Keying (GMSK) has been identified as the modulation 
scheme for future European digital cellular systems. The communication channel for the 
cellular systems is commonly referred to as the land mobile channel. The land mobile 
channel can be modelled as a frequency selective fast Rayleigh channel corrupted by ad-
ditive white Gaussian noise. In addition to cochannel interference, delayed signals and 
doppler effects have to be considered. 

Performance of GMSK in this environment has not been analysed before. This 
thesis addresses this problem. A closed form expression for the bit-error-rate perfor-
mance of GMSK is derived taking into account all the degradations in a land mobile 
channel. Numerical computation is used to obtain GMSK bit-error-rate results for various 
combinations of channel parameters. Both limiter-discriminator and one-bit delay detec-
tion methods for GMSK demodulation are considered. The computed bit-error-rate 
results indicate that limiter-discriminator method has a slight advantage when the delayed 
signals and the cochannel interference signal are significant. 
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1. INTRODUCTION 

1.1. Background 

Radio communication with moving vehicles was conceived in early part of this cen-

tury, only a few years after the discovery of radio itself. In 1921 the Detroit Police 

Department experimented with one way radio broadcast for police cars. In this experi-

ment police cars were instructed to respond by stopping and calling back on the wired 

telephone system. Experiments with two way mobile communications were carried out 

in 1930 with limited success. The next change in mobile radio communication didn't 

come until late 1930s during the World War II where there was a sudden and pressing 

need for two-way mobile communications. 

Commercial applications of mobile communications started in the late nineteen 

forties. The progress of mobile telephony service or 'car phones' has been very slow. The 

modern cellular service is a very recent development. The traditional approach to mobile 

radio telephony was based on 'broadcasting'. That is, a very high power transmitter at 

the tallest point in the coverage area was used as the base station. Even though a large 

area of about 50 miles radius could be covered this way, the capacity (number of simul-

taneous voice channels) was severely limited. 

The modern commercial cellular system was planned in 1960s. After a long ges-

tation period, this system was launched in early eighties. The first American commercial 

cellular system came into service in Chicago in 1983. In cellular mobile radio telephony, 

the coverage area is divided into a number of cells with relatively low power transmitter 

for each cell. By using small coverage area it becomes possible to reuse the same fre-

quency spectrum in cells separated by a minimum distance. A call `handover' mechanism 

has to be initiated to handle the calls without causing disruption when the mobile users 



move from one cell to another. The cellular system is described in detail in the sub-

sequent chapter. 

Voice transmission in many mobile radio systems including the current commercial 

cellular systems has usually been realized using a single- channel-per-carrier (SCPC) 

analog frequency modulation (FM). Most of the current commercial cellular systems are 

analog systems. Higher spectral efficiency can be realized using digital modulation with 

speech compression [1, 2, 3, 4, 5, 6, 7]. Digital systems will also provide voice security, 

data transmission capability, as well as many other features not possible with analog sys-

tems. Such systems will also employ signal processing using large scale integrated cir-

cuits. A number of digital cellular systems have been proposed and some experimental 

systems have been implemented. 

In order to reduce the interference problem in a mobile radio system, the out-of-

band radiation power in the adjacent channel is specified to be 60 to 80 dB below that in 

the desired channel. This is a stringent requirement and it is necessary to control and 

manipulate the signal spectrum. Such a spectrum manipulation can not usually be per-

formed at the final radio frequency (RF) stage in a multi-channel single-channel- per-

carrier transreceiver. Therefore intermediate frequency (IF) or baseband filtering with 

frequency up-conversion is used. However when the filtered signal at intermediate fre-

quency is up-converted and passed through a nonlinear power amplifier, the required 

spectrum filtering should not be violated by the nonlinearities. In order to mitigate the 

spectrum impairments caused by the nonlinear amplification of a filtered spectrum, nar-

rowband digital modulation methods with constant or low envelope fluctuation have been 

studied [8, 9, 10, 11, 12, 13]. Gaussian-minimum-shift-keying (GMSK) is one such 

modulation method. Minimum-shift-keying is a form of continuous phase frequency 

shift keying with modulation index equal to one half. This form of frequency-shift-keying 

is called Minimum-shift-keying because this is the minimum modulation index for which 

continuous phase frequency shift keyed waveforms are orthogonal over a bit interval. For 

Gaussian-minimum-shift-keying a Gaussian filter is used to prefilter the baseband data 

before Minimum-shift-keying modulation. Gaussian-minimum-shift-keying modulation 

has attractive features which make it very suitable for digital cellular systems. This 
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modulation has been identified as the modulation for use in future European digital cel-

lular system. A more complete description of Gaussian-minimum-shift-keying is given in 

Chapter 3. 

A land mobile radio communication channel between the moving vehicle and the 

cell base station presents a difficult environment. In addition to the additive white Gaus-

sian noise which is thermal noise added to the signal by the receiver, such a channel 

suffers from a variety of other degradations. In particular a fast fading phenomenon 

which causes fast envelope fluctuations (called Rayleigh fading) and a uniformly dis-

tributed random phase modulation influences signal communications. Also co-channel 

interference, i.e. interfering signal which uses the same frequency spectrum, is present 

because of frequency reuse in the cellular systems. Signals from other than the main sig-

nal path called delayed signals cause frequency selective fading. Finally, because of the 

mobile transreceiver, significant doppler effects are also present. Further description of 

various characteristics of a land mobile radio channel is presented in Chapter 4. 

1.2. Thesis Objectives 

The bit error rate (BER) performance of Gaussian-minimum-shift-keying under fast 

fading has been reported before in literature using experimental and computer simulation 

[11, 12, 13]. Elnoubi has theoretically analyzed the performance of Gaussian-minimum-

shift-keying in a fast Rayleigh fading channel using discriminator detection [14] and dif-

ferential detection [15]. In [16, 17, 18] bit error rate performance has been analyzed for 

Gaussian-minimum-shift-keying with differential detection in an additive Gaussian noise 

channel. An analytical study of differential detection of Gaussian-minimum-shift-keying 

in Rician slow fading channel characterizing land mobile satellite system was presented 

in [19]. Recently in [20, 21] performance of Gaussian-minimum-shift-keying with dif-

ferential detection in frequency-selective land and satellite mobile channel respectively 

has been analyzed. However, performance of Gaussian-minimum-shift-keying, both with 

limiter discriminator detection and differential detection, in a frequency-selective fast 

Rayleigh fading channel in presence of co-channel interference and additive white Gaus-

sian noise is not available in the literature. Such a channel is most commonly encountered 

in a practical cellular system. In the thesis this analysis is performed. Thus the objectives 

for the thesis are as follows: 
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(1) Analyse Gaussian-minimum-shift-keying bit error rate performance for a land 

mobile radio channel. This analysis should include additive white Gaussian noise, 

delayed signal resulting in frequency-selective fading, Rayleigh fading and co-channel 

interference - as well as doppler effects. 

(2) Compute and compare bit error rate results for various combination of channel 

parameters using both the discriminator detection and one-bit delay detection. 

1.3. Thesis Organization 

In addition to this introductory chapter, the thesis is organised into following chap-

ter: 

An overview of the mobile cellular system is presented in Chapter 2. Following 

that, in Chapter 3, various digital modulation techniques, including Gaussian-minimum-

shift-keying modulation, are described. Chapter 4 contains the mobile- radio channel 

model considered in the project. In Chapter 5, bit error rate performance of Gaussian-

minimum-shift-keying with discriminator detection is analyzed and bit error rate perfor-

mance of Gaussian-minimum-shift-keying is computed for various channel parameters. 

In Chapter 6, bit error rate performance of Gaussian-minimum-shift-keying with one-bit 

delay detection is analyzed and bit error rate performance of Gaussian-minimum-shift-

keying with discriminator detection and one-bit delay detection is compared. Finally 

conclusions are presented in Chapter 7. 
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2. CELLULAR SYSTEM 

2.1. Mobile Radio 

By definition, the term "mobile-radio communications" describes a radio com-

munication link between two terminals of which one or both are in motion or halted at 

unspecified locations and of which one may actually be a fixed terminal such as a base 

station. This definition applies to both mobile-to-mobile and mobile-to fixed radio com-

munication links. The mobile-to-mobile link could in fact consist of a mobile-to-fixed-to-

mobile radio communication link. The term "mobile" applies to land vehicles, ships at 

sea, aircraft, and communication satellites. Practical mobile-radio systems may include 

any or all of these types of mobile terminals. 

Mobile-radio systems include radiophones, dispatching systems, radio paging sys-

tems, packet radios, or radiotelephones (also known as mobile phones) including train 

phones. Radiophones (or walkie-talkies) are two-way radios, such as CB (citizen band) 

radios, which are allocated 40 channels for use by anyone whenever the channels are free. 

This system affords no privacy to the user. Dispatching systems use a common channel. 

Any vehicle driver can hear the operator's messages to other drivers in the same fleet. 

The drivers can talk only to the base station. In military applications, the users can also 

talk to each other on an open channel. Radio paging customers carry personal receivers 

(portable radios). Each unit reacts only to signals addressed to it by an operator. A beep 

sound alerts the bearer, who then must go to a nearby telephone to receive the message. 

Packet radio requires a form of multiple-access control that permits many scattered 

devices to transmit on the same radio channel without interfering with each other's trans-

mission. Packet radios can be configured as either mobile or portable terminals. Each 

terminal is attached to a transmission control unit equipped with a radio transmitter and 
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receiver. The data to be transmitted are formed into a "packet" within the transmission 

control unit. The packet contains the addresses of the receiving location and the originat-

ing terminal. A receiving device receives any packet addressed to it and transmits an ac-

knowledgement if the packet is in order. The sending station waits for a predetermined 

time period for the acknowledgement. If it does not receive an acknowledgement, it 

transmits the packet again. Radiotelephones are mobile two way telephones. MTS 

(Mobile Telephone Service), IMTS (Improved Mobile Telephone Service), the 

Metroliner telephone, and AMPS (Advanced Mobile Phone Service) are examples of 

mobile telephone services. Modem radiotelephone systems are implemented using a cel-

lular network. This system is described in the next section. 

2.2. Cellular Network 

A 40-MHz bandwidth in the 800-to 900-MHz frequency range has been allocated 

for high-capacity mobile radiotelephone service. This 40-MHz bandwidth is separated 

into two bands. A 20-MHz base-station transmit band in the 870-to 890-MHz range and 

a mobile-radio 20-MHz transmit band in the 825-to 845-MHz range is used. The total 

40-MHz bandwidth is also subdivided into 666 two-way channels, with each channel 

consisting of two frequencies with a channel bandwidth of 30 kHz each. To maintain 

frequency separation between channels used within a given area, the 666 channels are 

arranged in the form of a distribution matrix, as illustrated in Fig. 2.1. The matrix can be 

considered to be 21 sets of channels. Each column in Fig. 2.1 corresponds to a set of 

channels. There are 32 channels in each of the first 15 sets and 31 channels in each of the 

remaining 6 sets. To simplify distribution, 21 sets are arranged into 3 groups of 7 and 

assigned suffix letters A, B, and C, respectively. The distribution of channels and channel 

frequencies obtained by the arrangement given in Fig. 2.1 ensures that assignments 

within one geographic cell area will not interfere with the channels assigned in adjacent 

cell locations. Cells that are separated by a minimum distance (determined by propaga-

tion variables) can simultaneously use the same channels with little risk of interference. 

A telephone company serving a particular population centre, such as a major city 

and its surrounding suburban communities, could provide mobile-radio coverage to a 

large number of users because of reuse of channel frequencies. The basic cell structure is 
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Set number 

IA 2A 3A 4A 5A 6A 7A 18 28 38 48 5B 68 7B IC 2C 3C 4C 5C 6C 7C 
I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 
43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 
64 65 66 67 68 69 70 71 72 73 74 75 75 77 78 79 80 81 82 83 84 
85 86 87 88 103 104 105 
106 107 108 109 to 

IC 
5A 124 125 126 

127 128 129 130 145 146 147 SC 
148 149 150 151 18 58 166 167 168 
169 170 171 172 3A 4A 187 199 190 
190 191 192 193 

3C 
38 

4C 
4B 208 209 210 

211 212 213 214 
4 7

6A 229 230 231 
232 233 234 235 4C C 230 251 252 7C 
253 254 255 256 

48 7B 68 
271 272 273 

274 275 276 277 6A 2A2C 292 293 294 
295 296 297 298 

6C

68 28 313 314 315 
316 317 318 319 2A 

2C 
IA 

IC 
334 335 336 

337 338 339 34 
2B 18 355 356 357 

358 359 360 361 376 377 378 
379 380 381 382 5 3A 397 398 399 C 

58 
C 

38 400 401 402 403 418 419 420 
421 422 423 424 3A 

3C 
4A 439 440 441 

442 443 444 445 460 461 462 3B 
4C 

48 
463 464 465 466 481 482 483 
484 485 486 487 7C 

7A 
6C 

6A 
502 503 504 

78 68 505 506 507 508 523 524 525 
526. 527 528 529 544 545 546 
547 548 549 550 565 566 567 
568 569 570 571 586 587 588 
589 590 591 592 593 594 595 596 597 598 599 600 621 622 623 624 625 626 607 608 609 
610 611 612 613 614 615 616 617 618 619 620 621 622 623 624 625 626 627 628 628 630 
631 632 633 634 635 636 637 638 639 640 641 642 643 644 645 646 647 648 649 650 651 
652 653 654 655 656 657 658 659 660 661 662 663 664 665 666 

Figure 2.1: Channel-allocation matrix with seven cell frequency reuse. 
[From Ref. [22]] 

conceptually hexagonal in shape and can vary in size according to the number of chan-

nels, traffic intensity, and the propagation conditions. A typical area divided into cells is 

shown in Fig. 2.2. Each block of seven cells is repeated in such a manner that cells in 

adjacent seven-cell blocks are located at a predetermined distance from the nearest cell 

having the same channel numbers. The 40-MHz-bandwidth radio spectrum is divided 

into seven disjoint sets, as discussed above, with a different set allocated to each one of 

the seven cells in the basic block. With a total of 666 30kHz channels in 21 channel 

groups, it is possible to assign as many as three groups to each of the seven cells in the 

basic block. 

For complete coverage of the cell areas, three base stations called "cell sites" are 

installed at alternate corners of the cell, as shown in Fig. 2.3. For convenience, the cells 

illustrated in Fig. 2.3 are pictured as hexagonal in shape. In actual practice the cell boun-
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Figure 2.2: Basic cell block: R = radius of each cell; D = distance between 
two adjacent frequency-reuse cells; N = number of cells in a 
basic cell block. N = 7 in this illustration. [From Ref. [22]] 

Cell site 

Cell site! 

1 Cell site 

Figure 2.3: Installation of cell-sites at alternate corners of cell. [From Ref. [22]] 

daries are defined by a minimum required signal strength at the boundary. Base stations 

are referred to as cell sites because these stations perform supervision and control in ad-

dition to the transmission and reception of signals as in a conventional base station. 
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. Mobile-telephone subscribers in a given cell are assigned to a particular cell site serving 

that cell simply by the assignment of an idle channel frequency. This frequency is con-

trolled by the mobile-telephone switching office (MTSO). When a mobile unit crosses a 

cell boundary, as determined by the signal reception threshold limits, a new idle channel 

frequency corresponding to a new cell site is assigned. This automatic switching control 

function is referred to as a "handoff'. 

2.3. Switching in a cellular network 

The cellular mobile-radiotelephone system accommodates new subscribers in two 

ways. First, not all of the channels allocated to a cell are initially placed into service. As 

the number of mobile subscribers increases transmission facilities for the additional chan-

nels are modularly expanded to keep pace with the demand. Second, as the number of 

channels per cell site approaches the maximum within the channel allocation plan, the 

area of individual cells can be reduced, thus permitting more cells to be created with less 

physical separation but with increased reuse of assigned channel frequencies. This recon-

figuration of the cellular network means that the same number of assigned channels can 

adequately serve a greater number of mobiles within a larger number of smaller cells. 

The ideal customised cellular network would not be uniformly divided into cells of equal 

size but would contain cells of different sizes based on the density of mobile units within 

various cell coverage areas. The concept of variable cell size is illustrated in Fig. 2.4. 

The interface between land mobile units and the commercial telephone land line net-

work is illustrated in Fig. 2.5. A call originating from or terminating at a mobile unit is 

serviced by a cell site which is connected via land lines to a mobile-telephone switching 

office (MTSO). The MTSO provides call supervision and control and extends call access 

to a commercial telephone land line network via a local central-office (CO) telephone 

exchange, a toll office, and any number of tandem offices required to complete the call 

path. The terminating central office completes the connection to the called subscriber at 

the distant location. Two types of mobile-radio channels are used in setting up a call; 

paging channels and communication channels. The mobile unit is designed to automati-

cally tune to the strongest paging channel in its local area. The paging channel signal 

from the mobile is continuously monitored by the MTSO. If the signal approaches a 
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Figure 2.4: Tailoring a cell plan to a severe density gradient. Maximum of 10 
channels per cell in largest cell = 0.625 (= 10/16) voicepaths per 
unit area. Maximum of 15 channels per cell in medium cell = 3.75 
(= 15/4) voicepaths per unit area. Maximum of 25 channels per cell 
in smallest cells = 25 (= 25/1) voicepaths per unit area. [From Ref. 
[22]] 

threshold value, the mobile is switched to another paging channel corresponding to 

another cell. 

The following is a typical call sequence for processing a call from a fixed-telephone 

subscriber to a mobile-telephone subscriber. The call from the fixed-telephone subscriber 

originates in the normal manner, i.e., direct dialling under control of the local telephone 

exchange. The telephone switching network translates the called number and routes the 

call to the MTSO in the cell area which is closest to the called mobile-telephone sub-

scriber. The MTSO determines whether the number called is busy or available. If it is 

busy, the MTSO causes a busy signal to be returned to the calling party. If the mobile 

subscriber's telephone is available, the called number is broadcast over all paging chan-

nels assigned to cell sites in that area. The called mobile unit recognizes its number and 

responds by acknowledgement over the corresponding paging- channel frequency. On the 

basis of paging-channel response, the MTSO will identify the serving cell site and 
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Figure 2.5: System block diagram: MTSO = mobile-telephone switching office; 
CO = central office (telephone exchange); CS = cell site. [From Ref. 
[22]] 

switches the mobile unit by a command over paging channel to an idle communication 

channel from the channels allocated to that serving cell site. The incoming call is con-

nected to the appropriate circuit serving the mobile unit, and a ringing signal is sent to the 

mobile unit. 

Each cell site has a locating receiver which monitors all active channels periodi-

cally. After having served as the central office in completing the call set-up, the MTSO 

continues to access the serving cell's locating receiver, thereby monitoring the mobile-

radio transmissions at prescribed intervals. Should the received average signal strength 

drop below a prescribed level in any given time interval, the MTSO will automatically, 

and without interruption, switch the call to another cell site. The new cell site is the one 

which results in the strongest signal from the mobile. This is called "handoff' process, 

and it can be performed within the same cell or in a new cell. 

Next a call set-up procedure for calls originating from the mobile is described. As 

soon as the mobile user's phone goes 'off hook', a request for service is initiated over the 
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paging channel. After the MTSO identifies the location of the serving cell site, an idle 

communication channel is assigned to the mobile unit via that cell site and a dial tone is 

returned to the mobile user. The MTSO will perform the services of the central office in 

setting up the call and will continue to monitor the received signal strength of the mobile-

radio transmissions using the locating receiver while the call is in progress, performing 

handoff whenever required. 

The mobile-radiotelephone user is never involved in or even aware of the MTSO 

channel assignment and handoff processes, which are automatically performed under the 

control of the MTSO processor. In addition to serving as the central office for all calls 

originating and terminating at the mobile units, the MTSO controls and supervises the 

assignment of all communication channels. It also monitors the quality of radio trans-

mission over assigned channels for multiple cell sites. The MTSO also communicates 

with other MTSO facilities in much the same manner as one central office communicates 

with another central office. 

Mobile-telephone channels are different in many respects from conventional line 

circuits. Mobile-telephone channels are treated as trunks by the MTSO and thus appear 

on the trunk side of the switching matrix for various cell sites. The concept of a typical 

mobile-radio communication network is shown in Fig. 2.5. In actual practice a typical 

cellular network has many more MTSOs'. The existing commercial fixed-telephone net-

work is at a higher level than the mobile-radiotelephone cellular network; the primary 

interface is via the MTSO trunking facilities. 

2.4. Diversity Scheme 

Mobile-radio signals are subjected to multipath phenomena which can cause severe 

signal fading. There are two types of signal fading; long-term fading and short-term 

fading. Long-term fading is typically caused by variations in topography along the 

propagation path. Short-term fading is caused by the reflection from various types of 

scatterers situated near the vicinity of the mobile unit. Fading of this kind is also referred 

to as "multipath" fading. As a result of multipath phenomena multiple signals are created. 

Diversity schemes are used to combine these multiple signals and reduce the effect of 

deep fades. 
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3. DIGITAL MODULATION METHODS 

3.1. The Need for Modulation 

Digital modulation is the process by which digital symbols are transformed into sig-

nal waveforms that are compatible with the characteristics of the channels. In case of 

baseband modulation, these waveforms are pulses. In case of bandpass modulation the 

information signal modulates a sinusoid called a carrier wave or simply a carrier. For 

radio transmission the carrier is converted to an electromagnetic (EM) field for propaga-

tion to the desired destination. One might question the necessity of using carrier for radio 

transmission of baseband signals. This becomes clear if one considers that the transmis-

sion of EM fields through space is accomplished with the use of antennas. To efficiently 

couple the transmitted EM energy into space, the dimensions of the antenna aperture 

should be at least as large as the wavelength of the signal being transmitted. Wavelength, 

?, is equal to c/f, where c the speed of light in free space is 3 x 108 m/s. For a baseband 

signal with frequency f = 3000 Hz, X = 105 = 60 miles. To efficiently transmit a 3000 Hz 

signal through space without carrier-wave modulation an antenna that spans at least 60 

miles would be required. Even if we were willing to inefficiently transmit the EM energy 

with an antenna measuring one-tenth of a wavelength, we are faced with an impoSsible 

antenna size. However if the information to be transmitted is first modulated using a 

higher frequency carrier, for example a 30-GHz carrier, the equivalent antenna diameter 

is less than 1/2 in. For this reason, carrier-wave or bandpass modulation is an essential 

step for all systems involving radio transmission. 

Bandpass modulation results in other important benefits in signal transmission . If 

more than one signal utilizes a single channel, modulation may be used to separate dif-

ferent signals by technique known as frequency-division multiplexing. Modulation can be 

used to minimize the effects of interference. A class of such modulation schemes, known 
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as spread-spectrum modulation, requires a system bandwidth much larger than the min-

imum bandwidth that would be required by the information. Modulation can also be used 

to place a signal in a frequency band where design requirements, such as filtering and 

amplification can be easily met. This is the case when radio-frequency (RF) signals are 

converted to an intermediate frequency (IF) in a receiver. 

As nonlinear high efficiency RF amplifiers are often employed in the system, one of 

the requirement for the modulation scheme to be used for mobile-radio communication is 

that it should have constant envelope characteristics. Various constant envelope digital 

modulation methods are discussed in this chapter. 

3.2. Phase Shift Keying 

Phase shift keying (PSK) was developed during early days of the deep-space 

program; PSK is now widely used in both military and commercial communication sys-

tems. The PSK signal may be written as: 

silt) = 4cos[o.)•;) t + (1).(t)] 0 < t < T and i = 1,2,....M (3.1) T 

where phase term, Op, will have M discrete values typically given by: 

2ni 
4)i(t) = i = 1,2,....M 

For binary PSK (BPSK) M is 2. The parameter E is the symbol energy, T is the symbol 

time duration. In BPSK modulation the modulating data signal shifts the phase of the 

waveform si(t) to one of the two states, either zero or It (180 degree). The waveform 

sketch in Fig. 3.1 shows a typical BPSK waveform with its abrupt phase changes at the 

symbol transitions. The signal waveforms can be represented as vectors on a polar plot; 

the vector length corresponds to the signal amplitude, and the vector direction, for the 

general M-ary case, corresponds to the signal phase relative to the other M-1 signals in 

the set. For BPSK example, the vectorical picture consists of the two 180 degree oppos-

ing vectors. Signal sets that can be depicted with such opposing vectors are called an-

tipodal signal sets. 



16 

Waveform Vector 

M = 2 

S2

Figure 3.1: BPSK waveform. [From Ref. [23]] 

3.3. Quadrature-Multiplexed Signalling Schemes 

Si

In this section, several signalling schemes are considered which can be viewed as 

resulting from impressing two different data streams on two carriers in phase quadrature. 

First of these is quadrature phase- shift keying (QPSK). The other two schemes con-

sidered are offset QPSK (OQPSK) and minimum-shift keying (MSK). 

3.3.1. Quadrature Multiplexing 

The input data stream is demultiplexed into two data stream at half the input data 

rate. These data bearing signals, m1(t) and m2(t), are to be modulated onto carriers of the 

same frequency. This can be accomplished by using carriers that are in phase quadrature. 

The transmitted signal may be written as: 

xc(t) = A1m1(t)cos(23tf0t+a)+A2m2(t)sin(27tf0t+a) (3.2) 

where a is a constant phase shift. The block diagram of the modulator and demodulator 

for such a scheme is shown in Fig. 3.2 

If m1(t) and m2(t) are binary digital signals with amplitude +1 which may change at 

intervals spaced by Ts seconds, where Ts denotes a symbol interval, xc(t) can be written 

as 

xc(t) = Acos 2/tf0t+8(t)+a } (3.3) 

where 
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Figure 3.2: Block diagram of a quadrature-multiplexed communication system. 
[From Ref. [24]] 

0(t) = tan4A2m2(t) (m2 - 1)E (3.4) 
Aimi(t) 2 

A =1/Al2 + A22 

The constellation of signal vectors corresponding to Eq.(3.3) is shown in Fig.3.3 for 

binary valued m1 and m2. It is seen that xc(t) is, in effect, a constant-amplitude digitally 

phase-modulated signal whose phase deviation takes on four values, i.e., 

, 
0(t) = tan-I—A2 or tan-i—A2 + or -tarri—A2 or + It (3.5) 

A1 A1 Al 
AA2 

l 

3.3.2. Quadrature and Offset-Quadrature Phase-Shift Keying 

If Ai = A2 = A/' and mi(t), m2(t) switching instants are aligned, the resulting 

modulated signal is called quadrature phase-shift keying (QPSK). If Al = A2 but the time 

instants when m1(t) can change sign are offset by T5/2 seconds from the time instants 

when m2(t) can change sign, the resulting phase-modulated signal is referred to as offset 

QPSK (OQPSK) or staggered QPSK. The QPSK signal can change phase by 0, +90, or 

180 degrees at the switching times instants. The phase shifts for OQPSK are limited to 0 

or +90 degrees as only m1 or m2 can change sign at a given switching instant. Signal 
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sin(2Itfot + a) 

63.4° 

63.4° 

/ 

cos(27tfot + a) 

Figure 3.3: Phasor diagram for quadrature-multiplexed signal where m1 and m2
are constant-amplitude binary signals (A1 = 1 and A2 = 2 assumed 
for purpose of illustration. [From Ref. [24]] 

space diagrams for QPSK and OQPSK are compared in Fig. 3.4 which illustrates dif-

ferent phase shifts and possible phase transitions. 

The power spectra of QPSK and OQPSK are identical. Experiments have shown 

that the envelope of OQPSK tends to remain more nearly constant when the waveform is 

filtered. Thus it is preferable over QPSK when used in applications where significant 

bandlimiting followed by nonlinear amplification of the signal is performed. 

3.3.3. Minimum-Shift-Keying 

Another choice of m1(t) and m2(t) which results in a constant envelope form 

Eq.(3.2) is: 

m1(t) = a (t)cos2nfit (3.6) 

m2(t) = a2(t)sin2nfit (3.7) 

Here A l = A2, and a1(t) and a2(t) are binary-valued (+1) signals whose signs may change 

each Ts seconds with the switching times for a2(t) offset from those of a1(t) by Ts/2 

seconds. Signal xc(t), in this case, has the same form as Eq.(3.3) with A1 = A2 = A and 

a2(t) 
8(t) = -tan-1 [—

a 
(t)tanali t ] = ± Irtfi t + uk (3.8) 
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Figure 3.4: Signal-space (phasor) diagrams for (a) QPSK and (b) OQPSK showing 
possible phase transition for each (a = ic/4). [From Ref. [24]] 

where the sign of the first term in Eq.(3.8) is negative if the signs of al and a2 are the 

same, and positive if they are opposite. The angle uk = 0 or it modulo-27c corresponding 

to a1 = 1 or -1, respectively. Thus, for this case, Eq.(3.2) becomes 

xc(t) = Acos[27c(f0 ± fl)t+uk] (3.9) 

Note that the sign in front of f1 may change at intervals of Ts/2 seconds as al and a2 are 

staggered. Each symbol consists of two bits and symbol time Ts is equal to twice the bit 

time Tb. 

With f1 = 1/2Ts = 1/4Tb and a1(t) staggered Ts/2 seconds relative to a2(t), the phase 

of xe(t) is continuous, and the resulting waveform is referred to as minimum-shift-keyed 

(MSK). Its name arises from the fact that M = 2f1 = 1/2Tb is the minimum frequency 
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spacing for the two signals represented by Eq.(3.9) to be orthogonal (i.e., the integral of 

the product of the two possible transmitted signals over a Tb-second interval is zero). 

Waveforms for MSK are illustrated in Fig. 3.5. 

al (t)cos(xt/27) 

a0 a2 a4

-1 -1 
as 

-Tb

4 
al (t)cos(ntr2T) 

.cosafct 

a2(t)sin(itti2T) 

1 

3Tb 5Tb  7Tb

a7 

t 

a2(t)sin(Itt/2T) 

.sin2xfct  

+1 

2Tb 4Tb 6Tb 8Tb 

1 V 
Figure 3.5: MSK waveforms. [From Ref. [24]] 

•t 

The peak-to-peak frequency deviation of an angle-modulated signal can be defined 

as the difference between its maximum and minimum instantaneous frequencies. Thus 

MSK can be viewed as an FM-modulated waveform with peak-to-peak frequency devia-

tion 1/2Tb. Alternatively it can be viewed as an OQPSK signal for which sinusoidal pulse 

shapes are employed as the inphase and quadrature symbol waveforms. 
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3.4. GMSK Modulation for Digital Mobile Radio Telephony 

3.4.1. GMSK Modulation 

Minimum shift keying (MSK), which is binary digital FM with a modulation index 

of 0.5, (where modulation index for FM signals is defined as ratio of maximum fre-

quency deviation to modulating frequency,) has the following desirable properties: con-

stant envelope, relatively narrow bandwidth, and coherent and noncoherent detection 

possibility. However, it does not satisfy the severe requirements with respect to out-of-

band radiation for SCPC mobile radio. MSK can be generated by direct FM modulation 

of a power oscillator. The output power spectrum of MSK can be manipulated by using a 

premodulation low-pass filter (LPF) as shown in Fig. 3.6. 

Data  

LPF 
Output 
 a.,

FM Modulator, 

Figure 3.6: Premodulation baseband-filtered MSK. [From Ref [1111 

To make the output power spectrum compact the premodulation LPF should have 

the following properties: 

1) Narrow bandwidth and sharp cutoff. 

2) Low overshoot in the filter impulse response. 

3) Maintain an average phase shift of it/2 in the output waveform. 

Condition 1) is needed to suppress the high-frequency components, 2) is to protect 
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against excessive instantaneous frequency deviation and 3) is for coherent detection to be 

applicable as in MSK. 

A LPF with Gaussian impulse response satisfies all the above-described conditions. 

Consequently, the modified MSK modulation using a premodulation Gaussian LPF can 

be expected to be an excellent digital modulation technique for mobile radio telephony. 

Such a modified MSK is named Gaussian MSK or GMSK. Some characteristics of 

GMSK are described below. 

3.4.2. Output Power Spectrum 

Fig. 3.7 shows the computed results for the output power spectrum of GMSK signal 

with the normalized frequency difference from the carrier centre frequency,i.e., (f - fc)T, 

as the x-axis variable. The normalized 3 dB-down bandwidth of the baseband premodula-

tion Gaussian LPF, BbT, is a parameter. 
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Figure 3.7: Power spectra of GMSK. [From Ref. [11]] 

The parameter BbT can be selected by the system designer considering overall 

spectrum constraints of the system where GMSK is used as the modulation method. 



23 

Fig. 3.8 shows the comput6d results for the fractional power in the desired channel 

versus the normalized bandwidth of the predetection rectangular bandpass filter (BPF) 

BiT. Table 3.1 shows the occupied bandwidth for the prescribed percentage of power 

with BbT as the parameter. 
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Figure 3.8: Fractional power ratio of GMSK. [From Ref [11]] 

Table 3.1: NORMALIZED BANDWIDTH CONTAINING A GIVEN PERCENT-
AGE POWER [From Ref [11]] 

Percentage Power 
BbT 90 99 99.9 99.99 

0.2 0.52 0.79 • 0.99 1.22 
0.25 0.57 0.86 1.09 1.37 
0.5 0.69 1.04 1.33 2.08 
MSK 0.78 1.20 2.76 6.00 
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Fig. 3.9 shows the computed results for the ratio of the out-of-band radiated power 

in the adjacent channel to the total power in the desired channel. The normalized channel 

spacing fsT is taken as the abscissa and both channels are assumed to have ideal rectan-

gular bandpass characteristics with BiT = 1. For practical cellular systems the data rate 

1/T is equal to 16 KBPS. With 25 kHz channel spacing the normalized spacing fsT = 1.5 

and a receiver bandwidth of 16 kHz resulting in BiT = 1 is often used. From Fig. 2.4, it is 

found that GMSK with BbT = 0.25 can be adopted as the digital modulation for conven-

tional VHF and UHF SCPC mobile radio communication. The ratio of out-of-band 

radiated power in the adjacent channel to the total power in the desired channel is lower 

than the specified value of -60 dB in this case. When a certain amount of carrier fre-

quency drift (for example M = ±1.5 kHz) exists, BbT = 0.2 may be needed. 
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Figure 3.9: Adjacent channel interference of GMSK. [From Ref. [11]] 
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To analyse the BER performance of GMSK, a model for the land mobile radio 

channel is required. This model is described in the next chapter. 
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4. MOBILE CHANNEL MODEL 

4.1. Communication Medium for the Mobile-Radio 

Radio signals transmitted from a mobile-radio base station are not only subject to 

significant propagation-path losses encountered in other types of atmospheric propaga-

tions, these signals are also subject to path-loss effects of terrestrial propagation. Ter-

restrial losses are greatly affected by the general topography of the terrain. The low 

mobile-antenna height contributes to this additional propagation-path loss. The texture 

and roughness of the terrain contribute to dissipation of the propagated energy reducing 

the received signal strength at the mobile unit and also at the base station. Losses of this 

type, combined with free-space losses, collectively make up the propagation-path loss. 

Mobile-radio signals are also affected by various types of scattering and multipath 

phenomena which can cause severe signal fading. Mobile-radio signal fading consists of 

both the long-term fading and short-term fading. Long-term fading is typically caused by 

relatively small-scale variation in topography along the propagation path. Short-term 

fading is typically caused by the reflection from various types of signal scatterers, both 

stationary and moving. Fading of this kind is referred to as "multipath" fading. 

Propagation between a mobile unit and a base station is most susceptible to the ef-

fects of multipath fading phenomena because the path is close to the ground. The effects 

of multipath phenomena are not significant in air-to-ground and satellite-to-earth-station 

communications. The angle of propagation in these cases precludes most types of inter-

ference caused by surrounding natural land features and man-made structures. For 

modelling the land mobile radio channel the following imperfections in the channel have 

to be considered: 
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(1) Fast fading which causes Rayleigh envelope fluctuation and uniformly dis-

tributed phase modulation. 

(2) Additive White Gaussian Noise (AWGN). 

(3) Co-channel Interference (CCI). 

(4) Delayed signal that causes frequency-selective fading. 

Each of the above imperfections is described in detail in the following sections. 

4.2. Rayleigh Fading 

Based on the natural physical phenomena a mobile radio signal envelope r(t), il-

lustrated in Fig. 4.1, can be represented by two components m(t) and ro(t). 

r(t) = m(t)ro(t) (4.1) 

The component m(t) is referred to as local mean, or long-term fading, or log-normal 

fading and its variation is due to the terrain contour between the base station and the 

mobile unit. The factor ro(t) is called multipath fading, or short-term fading, or Rayleigh 

fading and its variation is due to the waves reflected from the surrounding buildings and 

other structures. The long-term fading m(t) can be represented by Eq.(4.2) as: 

to-
m(ti) = 1 r(t)dt (4.2) 

2T ti- TT

where 2T is the time interval used for averaging r(t). T can be determined based on the 

fading rate of r(t) usually it is the time for 40 to 80 fades. Therefore, m(t) is the envelope 

of r(t), as shown in Fig. 4.1(a). Equation (4.2) also can be expressed as a function of 

distance as: 

1 r x1+1-,
mx(xt) r (x)dx 2 x1-1, x

The length 2L has been determined to be 20 to 40 wavelengths. Use of 36 to 50 samples 

in an interval of 40 wavelengths is an adequate averaging process for obtaining the local 

mean. 

(4.3) 
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Figure 4.1: A mobile radio signal fading representation. (a) Mobile signal 
with both long term and short term fading (b) Short-term fading. 
[From Ref. [25]] 

The factor m(t) or mx(x) is also found to be log-normally distributed as this signal 

fading is caused by the terrain contour. As shown in Fig. 4.1(b), the short-term fading ro

is obtained by: 

ro(t) (in dB) = r(t) (in dB) - m(t) (in dB) (4.4) 

Assuming that only the reflected waves from local surroundings are received (a normal 

situation for the mobile radio environment) ro(t) has a Rayleigh probability density given 

by: 

ro ro 2
p(ro) = —exp(- for r0 > 0 

02 202 

where a2 is the variance. When the mobile unit is standing still, its receiver only receives 

a signal strength corresponding to that spot, so a constant signal is observed. When the 

mobile unit is moving, the fading structure of the wave in space is received. The fading 

becomes fast as the vehicle moves faster. 

(4.5) 
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To quantitatively express the mobile-radio environment, it is first necessary to ex-

amine the properties of the carrier signal so(t), which can be expressed in any one of the 

following complex forms: 

so(t) = aoexp[j(coot + 40)] 

sp(t) = Re { aoexp[j(c)ot + 00)] } 

(4.6) 

(4.7) 

sp(t) = aocos(coot + 00) (4.8) 

These three equations are used to analyse the carrier signal so(t) transmitted from a base 

station; ao represents the amplitude and 00 the phase. Both are treated as constants. The 

angular frequency coo is equal to 2nfo, where fo is the carrier frequency. The power 

within the transmitted carrier frequency is the real part of so(t); this is expressed as 

Re [s02(t)]. 

Three cases of multipath fading may be considered, namely, (1) the mobile unit and 

the nearby scatterers are all standing still; (2) the mobile unit is standing still and nearby 

scatterers are moving and (3) the mobile unit and the nearby scatterers are all moving. 

4.2.1. Both mobile unit and scatterers stationary 

In the first, static multipath situation, where the mobile unit and the nearby scat-

terers are all standing still, various signal paths from all reflecting scatterers reaching the 

mobile unit are assumed to be individually identified. The model for this situation is il-

lustrated in Fig. 4.2(a). The received signal s(t) at the stationary mobile unit, coming 

from N signal paths, can be expressed by the following equation: 

N 
S(t) = aiso(t - ti) (4.9) 

i=1 

The total propagation time for the ith path can be expressed by the equation: 

= + Ati (4.10) 

where Ati is the additional relative delay on the ith path, expressed as either a positive or 

a negative value with respect to the mean, t, defined as: 

= —
1 

T. (4.11) 
Ni-1 1

In Eq.(4.9), ai is the ith path transmission-attenuation factor, which can be a com-

plex value. 
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Figure 4.2: Multipath phenomenon: (a) mobile reception at one instant; 
(b) mobile reception at different instants. [From Ref. [2211 

Substituting the value of so(t - t i) from Eq.(4.6) in Eq.(4.9) s(t) may be expressed as: 

s(t) = x(t - t)exp[j2nfo(t - + 

where the envelope x(t) of the received signal s(t) is given by: 
N 

X(t) = ao aiexp(-j2doAti) 
i=1 

With ao constant, right hand side of Eq.(4.13) represents the multipath phenomenon. As 

the right hand side of Eq.(4.13) is independent of time t, x(t) in this case is also constant 

with respect to time. The received signal envelope of s(t) therefore remains unchanged, as 

long as the mobile unit and nearby scatterers are all standing 

(4.12) 

(4.13) 
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4.2.2. Stationary mobile unit and moving scatterers 

In the second situation shown in Fig. 4.2(b), where the mobile unit is standing still 

and nearby scatterers (passing cars and trucks) are moving, the time delay t, and the at-

tenuation factor ai are different at any instant of time for the ith path. Under these con-

dition, the received signal s(t) in Eq.(4.9) must be changed to: 

s(t) = x(t)exp(js:00)exp(j2itfot) (4.14) 

where 
N 

x(t) = ai(t)exp[-j2nfot i(t)] (4.15) 
1=1 

Define 

R = ai(t)cos[2n-foti(t)] (4.16) 
i=1 

and 
N 

S = ai(t)sin[27tfoti(t)] 
i=1 

x(t) may be written as: 

x(t) = ao [ R - jS ) 
= A(t)exp[-jv(t)] 

where the amplitude and phase of x(t) are expressed as time-dependent variables: 

(4.17) 

(4.18) 

A(t) = ao4R2 + S2 (4.19) 

v(t) = tan-1S (4.20) 

As it is virtually impossible to isolate and identify each path of a reflected wave while the 

scatterers are in motion, it is necessary to perform a statistical analysis of the time-

dependent variables [amplitude, Eq.(4.19), and phase, Eq,(4.20)). 

4.2.3. Both mobile unit and scatterers moving 

When the mobile unit is moving there are three extremes that may be considered: 

(1) the absence of scatterers, (2) the presence of a single scatterer, and (3) the presence of 

many scatterers in the vicinity of the mobile unit. It is assumed that the mobile unit is 

travelling in the direction of the positive x axis at a velocity V and is receiving a signal at 

an angle with respect to the x axis. Fig. 4.3(a) illustrates the parameters of concern for a 

mobile unit in motion. The received signal in this case is expressed as : 
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s(t) = aoexp[j(coot + - fiVtcose)] (4.21) 

where (3 = 27t/X, X being the wavelength. An additional frequency is introduced as a result 

of the Doppler effect. This additional Doppler frequency is expressed as follows: 

fd = fmcose (4.22) 

where fm = VA is the maximum Doppler frequency. The Doppler frequency fd can be 

either positive or negative, depending upon the arrival angle 9. In air-to-ground radio 

communication the Doppler effect can be very significant because of relatively high fly-

ing speed of the aircraft. 

(a) 

x(t) Scatterer 
So(t) 

/iii , /2Z/2 7  /./.)://// 

t 0 

(b) 

So(t)  

Figure 4.3: Signal reception while the mobile unit is in motion: (a) doppler effect; 
(b) fading due to standing wave pattern. [From Ref [2211 

To properly understand the effects of multipath phenomena, it is necessary to under-

stand the concept of standing wave as applied to radio signals. If a radio signal arrives 

from one direction and is reflected by a perfect reflecting scatterer in an opposite direc-

tion, as shown in Fig.4.3(b), the resultant signal received by the mobile unit moving at a 

speed V is as expressed in Eq.(4.23). For simplicity, the arrival angle 0 has been assumed 

to be zero. 
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s(t) = aoexpij(o)ot + - (3Vt)] - aoexp[j(coot + + f3Vt - coot)] 

t 
ot o 

= -j2aosin(D —i -Vt - )exp[j(coot +4)0 —2 ] 

where 't is the time that it takes for the wave to travel to the scatterer and return to 

the t = 0 line. The envelope of Eq.(4.23) is the resultant standing wave pattern, and this 

can also be interpreted as a simple fading phenomenon. When PVt = nit + coot/2, a fade 

with zero amplitude will be observed. 

In the third and final situation, the mobile unit and the nearby scatterer are all 

moving. The resultant received signal is the sum of all scattered waves from different 

angles ei. This complex situation is expressed by the following equations: 

where 

and 

N 
S(t) = aoaiexp[j(coot + 4)0 - I3Vtcosei + 4)i)] 

i=1 

(4.23) 

= Atexp(jv)explj(coot + 4)0)] (4.24) 

N N 
At = [(a0y , aicosvi)2 + (a0 aisinVi)2] 1/2 (4.25) 

i=1 i=1 

N 
aisinvt

tan-1 i=11 
aicosvi

i=1 

i = 4)i - Vtcosoi

The characteristics of At and are similar to those of narrowband thermal noise. It 

should be noted that Eq. (4.14), for moving scatterers, and Eq. (4.24), for the moving 

mobile unit, are similar in form. 

As a mobile unit proceeds along a street, it passes through a virtual avenue of scat-

terers, as shown in Fig.4.4. The main components of the received signal are reflections 

from nearby scatterers. The highest Doppler frequency fd can be calculated from 

Eq.(4.27): 

(4.26) 
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fm = max(Ifdl) = max(VIcosel) = (4.27) 

sIncoming Wave 

Scatterers (Houses) 

tE 
Avenue 

Reflected Waves  
V 
,•*" t E 7 

Figure 4.4: Mechanism of forming a fading signal. [From Ref. [22]] 

The frequency modulation resulting from the highest Doppler frequency for a given 

velocity V is the most probable cause of a Doppler shift in a mobile receiver. 

4.3. Frequency-selective Fading 

Frequency-selective fading occurs due to multipath phenomena. Due to frequency-

selective fading the amplitude becomes distorted. This distortion leads to intersymbol in-

terference which in turn degrades the system error rate. This degradation is directly 

proportional to the bit rate. Higher bit rate means smaller pulse widths which are more 

susceptible to intersymbol interference. 

Frequency-selective fading is illustrated in Fig. 4.5. The amplitude of the received 

signal varies with frequency. Deep amplitude notches appear when the direct ray is out of 

phase with the indirect ray. These notches are separated in frequency by lit, where 't is 

the time delay between the direct and indirect rays. The notch depth is determined by the 

relative amplitude of the direct ray and indirect ray. Due to this amplitude notch in the 

band of radio channel, degradation in error rate occurs. This variation of amplitude with 

frequency is known as dispersion and is one of the main source of degradation in cellular 

systems. 
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Figure 4.5: Multipath fading effect. [From Ref. [26]] 

4.4. Co-channel Interference 

Refracted or 
I Reflected Ray 

As explained in Chapter 2, Cellular systems employ frequency-reuse. This results 

in cochannel interference, i.e., the receiver in a particular cell also receives a small 

amount of interfering signal from a corresponding cell in the next cluster. The degrada-

tion caused by this interfering signal depends on the type of modulation used. To enhance 

spectral efficiency, it is desirable to implement frequency reuse with smaller and smaller 

cell clusters. However, this results in increased co-channel interference. A compromise is 

often sought between these two conflicting requirements. In analysing the performance of 

a particular modulation, it is important to include the effect of co-channel interference. 

This will be done in Chapters 5 and 6 where GMSK Bit-Error-Rate performance is 

analyzed. 

4.5. Thermal Noise 

Thermal noise is characterized as the white noise, which is uniformly distributed 

throughout the mobile-radio-communication frequency band. White noise nx is 

analogous to white light, having a constant power spectrum Sx(f) expressed as: 

Sx(f) =121 (4.28) 
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where n is the positive-frequency power density. Sx(f) is shown in Fig. 4.6. The thermal 

noise arises from random motion of electrons in the devices and has a constant power 

spectral density below a frequency of 1013 Hz.When thermal noise is passed through a 

narrowband filter having a frequency band M that is smaller than the center frequency fo

of the band (that is, when fo » M), the output consists of narrowband thermal noise. 

The amplitude and phase of the noise at the filter output are very much like those of a 

continuous-wave (CW) radio signal passing through a multipath medium. 

Sx(f) 

11/2

0 
(a) 

H(f0) 

H(f) [ 

 ►f 

S (f) 
f 

Sy (fo ) 

10! 

(b) (c) 

Figure 4.6: Spectrum of narrowband thermal noise: (a) spectrum of nx; (b) filter 
transfer function; (c) spectrum after filtering. [From Ref. [22]] 

The following equation defines the power spectrum of thermal noise before and 

after filtering: 

Sy(f) = IH(f)12Sx(f) (4.29) 

The filter transfer function H(f) is illustrated in Fig.4.6(b). The bandwidth B of H(f) can 

be expressed as follows: 

f - IH(f)12df 
B - 

IH(0)Iz 
(4.30) 
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The spectrum is partitioned into very narrow frequency bands having a width M and 

centred about a frequency fo + US, as shown in Fig. 4.6(c). If there are M = B/Af bands 

and each band represents a sinusoid of frequency fo + kAf, the amplitude can be ex-

pressed through its relationship to average power, as follows: 

A2 k 
= 2Sy(fo + IcAOM = IH(fo + kAf)12M 

Thus, the amplitude can be derived from Eq.(4.31): 

Ak = •V2111H(fo + k6,)12,6.f 

The total narrowband thermal noise is the sum of the individual sinusoid components. 

Thus the time domain signal for noise may be written as: 
M/2 

n(t) = E Akexp[j2n(fo + kAf)t + jOk] 
k=-M/2 

where 

and 

= [no(t) + jns(t)]exp(j2nfot) 

= At(t)exp[jvt(t)]exp(j2nfot) 

(4.31) 

(4.32) 

(4.33) 

M/2 
IVO = E Akcos(23tkAft + Ok) (4.34) 

k=-M/2 
M/2 

ris(t) = E Aksin(27c1cAft + 9k) (4.35) 
k=-M/2 

n 2(o n 2(t) } 1/2 At(t) = c s (4.36) 

n(t) 
Vt(t) = tan- 

i
s

no(t) 

Eq.(4.33) has the same form as Eqs.(4.14) and (4.22), and the statistical characteris-

tics of At and lift in all three equations are the same. 

(4.37) 

Using the GMSK modulation scheme described in Chapter 3 and the channel model 

described in this chapter, the BER performance is evaluated for limiter discriminator 

detection case in the next chapter. 
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5. PERFORMANCE OF GMSK WITH 
LIMITER DISCRIMINATOR DETECTION 

In this chapter Bit Error Rate (BER) of GMSK is analyzed in a cellular mobile com-

munication channel. Limiter discriminator is used for detection of GMSK. The channel 

is modeled as a frequency-selective fast Rayleigh fading channel corrupted by additive 

white Gaussian noise (AWGN) and co-channel interference as explained in the previous 

chapter. A closed form expression for probability of error is derived. Numerical computa-

tion is used to obtain GMSK BER performance for various combinations of channel 

parameters. 

5.1. GMSK signal and Intersymbol Interference 

The block diagram of a GMSK system with discriminator detection is shown in Fig. 

5.1. As explained in Chapter 3, GMSK signal can be generated by passing the binary 

data through a Gaussian low pass filter before modulation by an FM modulator. At the 

receiver the desired signal along with the undesired co-channel interference signal as well 

as the delayed signal are received. Furthermore white Gaussian noise is added at the 

receiver front end. After being combined these signals are passed through a predetection 

bandpass filter and are detected by limiter discriminator. The limiter removes envelope 

variations and the discriminator, which is in effect a differentiator, recovers the derivative 

of the phase. The output of limiter discriminator is then synchronously sampled by using 

the recovered timing information and a decision is made whether a "0" or "1" was sent. 

Thus the transmitted signal is sequentially regenerated. A block diagram for the land 

mobile radio channel is shown in Fig. 5.2. As in [27] only one scatterer resulting in one 

delayed signal is assumed. 
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Figure 5.1: Block diagram of GMSK system with discriminator detection 

Delayed Signal 
t R2002(0 
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Additive White 
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Figure 5.2: The block diagram of a frequency-selective Rayleigh fading channel 
corrupted by co-channel interference and additive white Gaussian 
noise. 
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The input to the Gaussian low pass filter is a series of non return to zero (NRZ) 

rectangular pulses which is given by: 

c(t) = 
n=o 

n=-oo 

ano(t-TnT)

where an = +1 or -1, corresponding to mark or space and S2(t/T) is a unit rectangular 

pulse of duration T centered at the origin. The premodulation Gaussian filter has a trans-

fer function given by [14]: 

f 1n2H(f) = Aexp{-(—)2 -} 
Bo 2 

where Bo is 3 dB bandwidth and A is a constant. By taking the inverse Fourier transform, 

the impulse response of filter is given by: 

27c2B02t2
h(t) = A 1n2 B° exp {- 

1n2 

For an input of unit rectangular pulse centered at the origin the filter output g(t) is given 

by: 

(5.1) 

(5.2) 

(5.3) 

g(t) = rh(t) (5.4) 

where the asterisk denotes convolution. After convolving g(t) is given by: 

2n2B02x2}dx
(5.5) g(t) = AI-2n B f t+172exp  

1n2 °J t_Ta 1n2 

= erf(- TC Bo(t-T/2)) + erf (41-2-2 TC Bo(t+T/2)) (5.6) 

and 

g(t) = g(-t) (5.7) 

where 

erf(y) = 2 SYexp(-u2)du ; y 0 (5.8) 
o 

and 

erf(y) = erf(-y) ; y < 0 

After the NRZ data is passed through the Gaussian filter, the input to the FM modulator 

is given by: 

b(t) = ang(t-nT) (5.9) 
n=-co 

and the modulator output is the GMSK signal which may be written as: 
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where 

ST(t) = cos(27rfct+4) ( )) 

t y.,,s(t)=27,fds  ang(v-nT)dv 
-**n=-00 

where fd is the phase deviation constant. The phase derivative (1)'5(t) is given by: 

11=00 

ors(t) = 27rfd ang(t-nT) 
n=-<. 

For a bit interval centered at t = 0, O's(t) may be written as: 

4:170) = 27tfd[aog(0)+ ang(nT)] 
n # 

When a mark or space is transmitted in this interval 4's(0) is given by: 

n=a0 

4:0'S(0) = 27rfd[ ± g(0)+ ang(nT)] 
n 

where the terms under the summation represents the ISI and usually only a few terms are 

significant enough to be considered [19]. 

The signal given by Eq.(5.10) is randomly modulated by the Rayleigh envelope 

Rift) and uniformly distributed random phase OM). Similarly delayed signal ST(t-t) is 

randomly modulated by Rayleigh envelope R2(t) and uniformly distributed random phase 

4)2(t). The combination of ST(t) and ST(t-t) accounts for the frequency selective fading. 

The co-channel signal is an interfering signal transmitted by another transmitter. 

Under the assumption that carrier frequency of co-channel signal is same as that for the 

desired signal we may write this signal as: 

Sc(t) = cos(27cfct+Oc(t)) 

where 

(5.12) 

(5.13) 

(5.14) 

t n' 
= 2nfdL onI bng(v-nT)dv 

The co-channel signal is also randomly modulated by Rayleigh envelope R3(t) and 

uniformly distributed random phase (03(t). 

(5.15) 
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5.2. Analysis of System Performance 

The GMSK transmitted signal given by (5.10) has a constant envelope and con-

tinuous phase. After propagation through frequency selective fast fading mobile radio 

channel the signal that arrives at the receiver input is given by: 

ST(t) = xs(t)cos(coct+1:05(t)) - ys(t)sin(coct+Os(t)) (5.16) 

The delayed signal ST(t-t) is similarly given by: 

ST(t-t) = xs(t-t)cos(coct+Os(t-T)) - ys(t-t)sin(coct+Os(t-T)) (5.17) 

The co-channel signal Sc(t) is given by: 

Se(t) = xc(t)cos(o)ct+Oc(t)) - yc(t)sin(coct-Fik(t)) (5.18) 

Assuming that white noise is added at the receiver input and using ideal BPF before the 

limiter discriminator detection and considering only the strongest co-channel interfering 

signal, the total input to detector is given by: 

e(t) = ST(t) + ST(t-t) + Se(t) + n(t) (5.19) 

where 

n(t) = xn(t)coscoct - yn(t)sincoct (5.20) 

and xn(t) and yn(t) are independent zero-mean Gaussian low-pass processes. Equation 

(5.19) may be simplified to: 

e(t) = X(t)coscoct - Y(t)sincoct 
= R(t)cos(cot+T(t)) (5.21) 

where 

X(t) = xs(t)cos.s(t) - ys(t)sinOs(t) + 
xs(t-T)cosOs(t-c) - ys(t-t)sinOs(t-t) + 

xc(t)cosOc(t) - yc(t)sin0c(t) + xn(t) 

Y(t) = xs(t)sinfl)s(t) + ys(t)cosch(t) + 
xs(t-t)sinOs(t-t) + ys(t-t)cosch(t-t) + 

xc(t)sin0c(t) + yc(t)cosOc(t) + yn(t) 

and 

R(t) = JX2(t)+Y2(t) and 'F(t) = 
X() 

It can be shown [28] that the joint pdf of X(t),Y(t),X'(t) and Y1(t) is given by: 

P(X,Y,X',Y') — 
1 

exp  
-1 +1X2+Y2 X'2+Y'2 2p(XV-X1Y)1 

4712612622[1-p2] 2(1-p2) 621 a22 61a2 
where 

(5.22) 
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a12 
2 2 2 2 

= ac + an + a  s(t-T) 

a22 = as2(Vi nfD)2 (7c2( rinfD)2 a2s(t-ti)( Tcfp)2± a s201s2(t)

a 27t2B2 
0,c2oic2(t) 0520,0  

o 
0/2s(t_t n 3 

as20's(0) Gc20/c(0) a2s(t-T)Ols(t-T)(°) 
P —

aia2 

n2 and a2s(t-t) where fp is the maximum doppler shift and a s2, a ct, d are the powers of 

the main signal, co-channel signal, noise and delayed signal respectively. 

(5.23) 

(5.24) 

(5.25) 

The limiter discriminator output 1111(t) is given by: 

,p,
(t) — 

X(t)Y/(t) - Xi(t)Y(t) 

X2 + Y2

The pdf for 111` is given by [28]: 
1 

pop') ._1(a2)2(l_p2)rp02 2a2plY + (_a2)2]-3/2 
2 a l al al 

Now Ors(t) is a function of the data sequence (an)=(ao, al, a_1, ....). Symbols al, a2, 

a_2, .... etc represent the intersymbol interference (ISI) effect. For the 0th interval signal 

(a0 = +1 or -1), the probability of committing an error is given by: 

Pe,i(ai,a_i,••••,b0,bpb..1,•••,L) = o P(1P• la0=1,apa_ 
1,

a2,••••,b0,bi,b_ 1,••.tddx-Pi (5.27) 

= fo Petfila0=-1,ai,a_ i.a2,••••,b0,b1,b_i,.••tc)dif i (5.28) 

where [bn}=(bo,bi,b_i,...) is the data sequence of the cochannel and tc is a random vari-

able uniformly distributed in the interval [0,1] which represents the timing difference be-

tween the signal and interference signal. The average probability of error is: 

Pe = 1 + 

where bar denotes expectation with respect to al, a_1, a2, 

Evaluation of the integrals in equations (5.27) and (5.28) gives: 

1 r
Pe, + p] 

Substitution for p from equation (5.25) gives: 

(5.26) 

(5.29) 
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where 

1  11+12+13
Pe,. 4. i(ai,a_pa2,...,b0,bi,b_i,...tc) =1[1 rf: 

a1V14+15+16+I7 
(5.30) 

n=00 
Ii = 211fdas2t ± g(0) + ang(nT)) (5.31) 

n=-00,n 0 
n=00 

= 27Cfpc2(bog(tc) + bng(tc+nT)) (5.32) 
n=-00,n # 0 

n=00 
= 21Lfda 2s(t_,c){ ± g(ti) + ang(t+nT)) (5.33) 

n=-00,n 0 
a 27r2B2 

I4 —  n 
3 

(5.34) 

n=00 
IS = 6s2{27t2fD2 47c2fd2( ang(nT))2) (5.35) 

n=00 
= ; 2( 2/r2fD2 47t2fd2( bng(tc+nT))2) (5.36)

n=-00 
n=00 

= 
6

2s(t-2){2112fD2 47c2fd2( ang(r+nT))2) (5.37)
11=-00 

Under the assumption that ISI extends to the adjacent bit only, the expression for 

probability of error may be simplified to : 

where 

1 
Pe, ± i(apa_pbe,bi,b_pte) = 

Ki+K2+K3

6lK4+1(5-FK6+1(7 

K1 = 21cfdas2 ± g(0) + aig(T) + a_ig(-T)) 

K2 = 27cfda c2{ bog(te) + big(tc+T) + b_ig(tc-T)) 

K3 = 27tfda 2s(t_,c) ± g(c) + aig(r+T) + ig(T-T)) 
an2n2B2 

K4  3

K5 = crs2 27c2fD2 4.7c2fd2{± g(0) + alg(T) 
g(

-r) 12 } 

K6 = a c2 2.1c2fD2 + 47c2fd2 b0g(tc) + big(te+T) + b_ig(tc T)) 2 } 

= 020 ,0{27r2fD2 + 47c2fd2{ ± g('t) + aig(r+T) + a_ig(T-T)}2} 

For MSK the modulation index = 1/2 which gives fd = 1/4T. Substituting 

0c=6s2/6n2, 13=6c2I 6n2, ra 2so r n2 OF and using equation (5.23) for al, the probability of 

error, taking 1)0=1 and tc=tei, is given by: 

Pe,1 = Pl+P2+P3+P4+P5+1)6+P7+138+P9+P10+Pll+P12+P1314314±P15+P16 (5.46) 

where 

(5.38) 

(5.39) 
(5.40) 

(5.41) 

(5.42) 

(5.43) 

(5.44) 
(5.45) 
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P1 = 1 

1 
P2 - 

I) 1 ri
-3 = 32L-

la 1 ri
- 4 = 32L-

1 
Pc — [1 
- 32 

1 
P6 = T241

P7

/1
-7— 321-

p, 1 r
- 8 — 32L-

p, 1 ri
-9 — 32` 

1 
P10 = 32[1 

1 
P11 j241

1
P12 — 32L-

1
 P13 ri

1 
P14 = r 241

P15 = 31 [1

ag(0)+13X7+7X1

ga+13+y+1-V171+aY2+0Y9+yY3

ag(0)+13X2+yX1

A/a+0+y+14Y1+aY2+13Y4+7Y3

ot,g(0)+13X3+yX1

qa+131-y+111Y1+aY2+13Y5+yY3

aX9+13X7+yX4 

.Va+13+7-1-1-‘/Y1+aY11+13Y9+yY6 

aX9+13X2+7X4

a-1 -7-.F -VYi+aYill-PY4+-yY6

aX9+13X3+yX4
 1
4a+13-1-7+14Y 1 +ctY 11+13Y5+7176 

ag(0)+f3X7+TX5

qa+13+y+1A/Y1+aY2+13Y9+yY7

ag(0)+0X2+TX5

11a+13+y+11/171+aY2-1-13Y4+yY7

ag(0)+13X3+yX5

.qa+f3+y+1.011+aY2+0Y5+yY7

ax10+13X7+YX6 
1

-Va+13+y+11tY1+aY12+13Y9+yY8

aX10+13X2+YX6 

qa+13+7+1.̀1Y1+(xY12+13Y4+7Y8 

axi0+13x3+7X6 

.Voc+13+y+1.V171+aY12+13Y5+yY8

ag(0)+13X8+?X1

11a+13+y+1.\/Y1+aY2+13Y10+1Y3 
socX9+00C8+yX4

 1
A1 x+13+Y±1.VY1+00( 11+13\710+Y; 

ag(0)+13X8+yX5

qa143+y+1.N/Yi+aY2+13Y10+yY7 
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1 CQ( 10+13X8+7X6 
P16 =141

0C-173q+1AiYi+aY12-1-017

and 

X1 = g(t) + g(r+T) - g(t-T) 

X2 = g(tci) + g(tci+T) + g(tci-T) 

X3 = Oa) g(tci+T) g(terT) 
X4 = g(t) + g(r+T) + et -T) 

X5 = g(t) - g(t+T) + g(c-T) 

X6 = g(t) -g(t+T) - g(t-T) 

X7 = g(tei) + g(tci+T) - g(tci-T) 

X8 = g(tci) - g(tci+t) + g(tci-T) 

X9 = g(0) + 2g(T) 

X10 = g(0) 2g(T) 
4B2T2 

Y, 3

Y2 = 8fD2T2 g2(0) 

Y3
= 8fD2T2 X12 

Y4 = 8fD2T2 X22 

Y5 = 8fD2T2 X32 

Y6 8fD2T2 X42 

Y7 = 8fD2T2 X52 

y 8 = 8fD2T2 X62 

Y9 = 8fD2T2 X72 

Y10 = 8fD2T2 X82 

Y11 = 8fD2T2 X92 

8fD2T2Y12 =  + x102 

Similarly Pe,4,for b0=-1, can be calculated and 

\ Pe 
Pe, ± i(aPa-Pbi,b-Pbo,tcl) 2 

+7; 

Pe,-1 

Now tc is a Random Variable with uniform distribution and can assume any value be-

tween time interval 0 to T. For computation of error probability tc was varied from 0 to T 

in 100 steps and Pefr 1(a1, a_pbi,b_pbo,tc) was computed for each value of tc. The Prob-

ability of error Pe was obtained by taking the average value i.e., 

± + 
Pe 

Pe 
100 

Pe, ± 1(aPa-1,b1,b-Pbo,tc100) 

(5.47) 

(5.48) 
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Using expression for Pe developed above in equation (5.48), the probability of error for 

GMSK is numerically computed in the next section for various combinations of channel 

parameters. The computer programs developed to calculate the probability of error for 

various combinations of channel parameters are given in Appendix 'A'. 

5.3. Numerical Results 

The BER for GMSK was computed for a prefilter normalized bandwidth BT=0.25. 

The following parameters were varied for these computations: 

1. The ratio of doppler spread to the data rate denoted by V s. 

2. The ratio of relative delay between the two paths to the symbol duration denoted 

by tiT. 

3. The average carrier power to additive Gaussian noise power ratio in dB denoted 

by CNR. 

4. The ratio of average carrier power to the interfering signal power in dB denoted 

by CIR. 

5. The ratio of average carrier power to the delayed path signal power in dB denoted 

by CDR. 

The computed results are presented in Figs. 5.3 through 5.11. 

5.3.1. Flat slow Rayleigh fading channel 

This is the simplest case. The flat fading implies negligible dispersion in the chan-

nel. Slow speed of the mobile receiver implies negligible doppler. The computed results 

for log of the probability of error, log P(e), are plotted in Fig. 5.3 as a function of CNR 

with CIR as a parameter. In Fig. 5.4 log P(e) is plotted as a function of CIR with CNR as 

the parameter. A comparison of Figures 5.3 and 5.4 shows that the effect of the inter-

fering signal for such a channel is similar to that of additive noise. 
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Figure 5.3: The BER performance of GMSK in a flat slow fading channel cor-
rupted by AWGN and CCI. Doppler spread and dispersion are negli-
gible. 
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Figure 5.4: log P(e) vs CIR for GMSK in a flat slow fading channel corrupted by 
AWGN and CCI. Doppler spread and dispersion are negligible. 
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5.3.2. Flat fast Rayleigh fading channel 

For such a channel there is no dispersive effect of the fading but the doppler is not 

negligible. The BER results for such a channel are plotted in Fig. 5.5 and Fig. 5.6 for 

different values of vehicle speed. The doppler frequency was computed assuming a car-

rier frequency of 850 MHz and a bit rate of 25 KBPS. As may be seen from the results in 

Fig. 5.5 the errors occur even with infinite CIR and very high CNR. These errors occur 

because of the random phase modulation as a result of the doppler. The error floor 

depends on the vehicle speed. 

0 

-1-

- 2-

-4 - 

- 5-

Legend 
■ VEL=40 KMPH, LDD 

O VE1x80 KMPH, LDD 

• VEL=120 KMPH, LDD 

 a 

6  l i l t l i l t ' I 
0 10 20 30 40 50 60 70 80 90 100 

CNR (dB) 
Figure 5.5: log P(e) vs CNR for GMSK in a flat fast fading channel corrupted by 

AWGN. Negligible dispersion and infinite CIR is assumed. 

In Fig. 5.6 log P(e) is plotted as a function of log(fDT) with CIR as the parameter. 

When the doppler is high (log(fDT) = -1), the doppler effects are predominant and the 

BER is insensitive to CIR value. However, as doppler becomes small CIR influences the 

BER substantially. 
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Legend 
• CIR40 de LDD 

O CIR=30 de, LDD 

• CIR=40 d8, LDD 

o CIR O d8, LDD 

-3 -2 
log (f DT) 

Figure 5.6: log P(e) vs log (fDT) for GMSK in a flat fast fading channel corrupted 
by CCI. Negligible dispersion and infinite CNR is assumed. 

5.3.3. Frequency-selective slow Rayleigh fading channel 

Such a channel is dispersive but has negligible doppler effects. The BER for such a 

channel is plotted in Fig. 5.7 as a function of CDR with normalized delay VT as the 

parameter. As may be seen from this figure the P(e) value for the same CDR depends on 

VT. For smaller values of VT a stronger delayed signal (lower CDR) can be tolerated. As 

VT increases, the effect of the delayed signal is similar to that of interfering signal, i.e. 

the same values of CDR and CIR give similar BER. For the same value of BER there is 

an offset of a few dBs between the values of CDR and CIR. This offset is a function of 

the normalized delay T/ T. For large c/T the delayed signal is in effect another uncorre-

lated interfering signal. The BER results are plotted in Fig. 5.8 as a function of VT for 

infinite CIR, CNR and negligible doppler. As expected, P(e) increases as VT increases. 
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Figure 5.7: log P(e) vs CDR for GMSK in a frequency-selective slow fading chan-
nel. CNR is infmity. Doppler spread is assumed to be negligible. 
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Figure 5.8: log P(e) vs log (VT) for GMSK in a frequency-selective slow fading 
channel. CNR is infmity. Doppler spread is assumed to be negligible. 
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5.3.4. Frequency-selective fast Rayleigh fading channel 

For such a channel the dispersion caused by the delayed signal and the doppler are 

the predominant factors. In order to bring out their effect on the BER performance, BER 

is computed for infinite CNR and CIR. The computed results are presented in Figs. 5.9 

through 5.11. In Fig. 5.9 log P(e) is plotted as a function of log(fDT) with CDR as the 

parameter. For large doppler (log(fDT)=-1), the BER is controlled by the doppler and the 

delayed signal has only a minor influence. For small doppler, on the other hand, the BER 

is controlled by the CDR and the delay time ratio T/T. 
0 

Legend 
• CDR=10 deolT=0.1, LDD 

0 CDR=10 d8olT=0.5, LDD 

• CDR=30 dB,r/T=0.1, LDD 

c CDR-730 deTA:=0,1.LDD 

-3 -2 

log (f DT) 

Figure 5.9: log P(e) vs log (fDT) for GMSK in a frequency-selective fast fading 
channel. CIR and CNR are assumed to be infinity. 

In Fig. 5.10 log P(e) is plotted as a function of log(r/T) for two values of CDR and 

two values of the vehicle speed. As may be seen from this figure, for a large value of T/T, 

the BER is a function of CDR and the vehicle speed has only a very small effect. 

However, as the normalized delay VT decreases to 0.01 (log(v/T) = -2), the BER is 

strongly dependent on the vehicle speed and the effect of CDR becomes negligible. At 

intermediate values of T/T the BER is determined by the combination of the two effects. 
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Figure 5.10: log P(e) vs log (VT) for GMSK in a frequency-selective fast fading 
channel. CIR and CNR are assumed to be infinity. 
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Figure 5.11: log P(e) vs CDR for GMSK in a frequency-selective fast fading chan-
nel. CIR and CNR are assumed to be infinity. 



53 

In Fig. 5.11 log P(e) is plotted as a function of CDR for two values of VT and as the 

vehicle speed changes from 40 KMPH to 120 KMPH. Both Figs 10 and 11 show that for 

smaller CDR the effect of the normalized delay T/T is more pronounced. As CDR in-

creases, the delayed signal becomes ineffective. The error floor for the high CDR is 

determined by the vehicle speed. 

5.4. Summary 

The BER performance for discriminator detection of GMSK was analyzed in this 

chapter for a frequency-selective fast Rayleigh fading channel corrupted by AWGN and 

CCI. A closed form expression for the probability of error was derived. The BER results 

were numerically computed for different combinations of channel parameters. 

It was seen that when the effects of speed of vehicle, delayed signal and co-channel 

interference were considered the probability of error increased. In a practical situation 

these effects will be present to some extent. The analysis presented in this chapter gives 

more accurate picture of the performance of GMSK in a land mobile radio channel. 

Limiter discriminator is one method for non-coherent demodulation of GMSK. 

Another demodulation method used in practical systems is one-bit differential detection. 

As in the case of limiter-discriminator detection BER performance of GMSK with this 

detection method has not been previously reported for a land mobile radio channel. In the 

next chapter this analysis is carried out. As in this chapter numerical computation will be 

used to obtain BER performance for different combinations of channel parameters. The 

computed results will be compared with those for limiter-discriminator detection given in 

this chapter. 
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6. PERFORMANCE OF GMSK WITH 
DIFFERENTIAL DETECTION 

In this chapter the Bit error rate (BER) of GMSK is theoretically analyzed in a cel-

lular mobile communication channel for one-bit differential detection. The channel is 

modeled as one encountered in practical situation, i.e., frequency-selective fast Rayleigh 

fading channel corrupted by co-channel interference and additive white Gaussian noise 

(AWGN) as explained in Chapter 4. A closed form expression for the probability of error 

is derived. Numerical computation is used to obtain GMSK BER performance for various 

combinations of channel parameters. The results are compared with those for limiter dis-

criminator detection of GMSK for the same channel parameters. 

6.1. GMSK signal and Intersymbol Interference 

The block diagram of a GMSK system with one-bit differential detection is shown 

in Fig. 6.1. The GMSK signal is generated by passing binary data through Gaussian low 

pass filter before modulation by an FM modulator. At the receiver the desired signal is 

received along with the undesired co-channel interference as well as the delayed signal. 

Furthermore the white Gaussian noise is added at the receiver front end. After being 

combined these signals are passed through a predetection bandpass filter and are detected 

by the differential detector. The differential detector consists of a multiplier followed by 

a baseband filter. A 90 degree phase-shift is provided for the delayed path so that the 

multiplier output corresponds to the sine of the change in phase of the received signal 

over one- symbol time interval. Due to this the detector output signal is symmetrical 

about 0 volts. The baseband filter is used for filtering out the double frequency com-

ponent of the multiplier output. The differential detector output is then synchronously 

sampled by using recovered timing information and a decision is made whether a "0" or 

"1" was sent. Thus the transmitted signal can be sequentially generated. The channel 
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model for the land mobile channel considered is same as that shown in Fig. 5.2 in the last 

chapter. 

NRZ Data 

c(t) 

Gaussian 

LPF 

GMSK Signal 
-7--

FM Modulator 
Mod. Index = 0.5 

e(t) IF 
Filter Delay 

T 

90° 
Phase 
Shift 

LPF 0Sr. 

Sample 
and 

Decision 

Figure 6.1: Block diagram of GMSK system with one-bit differential detection. 
[From Ref. [19]] 

As shown in the previous chapter the GMSK signal at the modulator output is given 

by Eq.(5.10): 

where 

"0" 

OR 
"1" 

ST(t) = cos(27rfct-1-0s(t)) (6.1) 

11=4.,

O s (t) = 211fdf ang(v-nT)dv 

where fd is the phase deviation constant. The phase change over the bit period from -T/2 

to T/2 is given by: 

where 

n' 
4s(T/2) - Os(-T/2) = 27cfdf 

Ta 
ang(v-nT)dv-27rfdi 

-T/2 
ag(v-nT)dv 

T/2 
= 2/Cfdf ang(v-nT)dv 

= a nPn 

pn = 27tfdf
T/2 

g(v-nT)dv = 27tfdf
T/2-nT 

g(v)dv 
T/2 -T/2-nT 

(6.2) 

aopo represents the phase change for GMSK modulation and terms other than n=-0 in 

Eq.(6.4) represent the intersymbol interference; such that aopo = it/2. 

(6.3) 

(6.4) 

(6.5) 
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Only a few terms in ISI are significant enough to be considered [28]. The signal 

given by Eq.(6.1) is randomly modulated by the Rayleigh envelope R1(t) and uniformly 

distributed random phase 4 1(t). Similarly delayed signal ST(t+t) is randomly modulated 

by Rayleigh envelope R2(t) and uniformly distributed random phase (1)2(t). The combina-

tion of ST(t) and ST(t+t) accounts for frequency selective fading. 

The co-channel signal is an interfering signal transmitted by another transmitter. 

Under the assumption that the carrier frequency of the co-channel signal is same as the 

desired signal we may write this signal as: 

Sc(t) = cos(27cfct+Oc(0) (6.6) 

where 

t+t 
1:1)c(t) = 21tfdi c bng(v-nT)dv 

-** n=-00 

where to is a uniformly distributed random variable in interval [0,T] which represents the 

timing difference between signal and interference signal and bn represents data in the 

interfering channel. 

The interfering signal phase change over the bit period from -T/2+tc to T/2+tc is 

given by: 

where 

(6.7) 

Oc( + tc) - Oc(- 
2

+ tc) = 2rfdi: 2+:: n==ei bng(v-nT)dv (6.8) 

n=co 

= bnPnc (6.9)

T/2+t -nT 

Pnc = 2/cfdi g(v)dv 
-T/2+tc-nT 

The co-channel signal is also randomly modulated by Rayleigh envelope R3(t) and 

uniformly distributed random phase 03(t). 
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6.2. Analysis of system performance 

The GMSK transmitted signal has a constant envelope and a continuous phase. 

After propagation through frequency selective fast fading mobile radio channel the signal 

that arrives at the receiver input is given by: 

e(t) = ST(t) + ST(t+t) + Sc(t) + n(t) (6.10) 

where n(t) is the noise added at the receiver input and 

ST(t) = xs(t)cos(coct+Os(t)) - ys(t)sin(coct+i:Os(t)) (6.11) 

ST(t+t) = xs(t+t)cos(coct+4)s(t+t)) - ys(t+t)sin(coct+Os(t+t)) (6.12) 

Sc(t) = xc(t)cos(coct+4:ic(t)) - yc(t)sin(coct-H0c(t)) (6.13) 

n(t) = xn(t)coscoct - yn(t)sincoct (6.14) 

where xs, xc, xn, ys, yc and yn are independent zero-mean Gaussian low-pass processes. 

Rewriting the above expressions using the complex envelope notation we have: 

ST(t) = Re { zs(t)expj(coct + Os(t))) 
ST(t+r) = Re{ zt(t+t)exPi(o)ct + Os(t+t))) 

Sc(t) = Re{ ze(t)expj(coct + ( cW)) 
n(t) = Re{ zn(t)exp(jcoct)) 

where 

(6.15) 
(6.16) 
(6.17) 
(6.18) 

zs(t) = xs(t) + iys(t) 
zs(t+t) = xs(t-Ft) + jys(t+t) 

Mt) = xc(t) -+ jyc(t) 
zn(t) = xn(t) + jyn(t) 

Equation (6.10) can be simplified to: 

e(t) = Re( z(t)exp(j wet)) (6.19) 

where 

z(t) = zs(t)exp(jOs(t)) + z,c(t+t)exp(jOs(t+t)) + zc(t)exp(j0c(t)) + zn(t) (6.20) 

The output of differential detector v(t) can be written as [291: 

v(t) = -1-Re {-jz(t)z*(t-T) } (6.21) 
2 

The sampled output vn after sampling v(t) at t = nT, n = 0,1,2,...etc is given by: 

1
vn 

2 
= —Rei-jziz2* ) (6.22) 

where 
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z1 = z(nT+T/2) = zs1exPCOsi) zciexPOOcl) + zr1exp(j(1),ri) + zni

z2 = z(nT-T/2) = zs2exp(j0s2) zc2exPO0c2) + zt2exp(j4),12) + zn2

Subscript 1 denotes samples taken at instant nT+T/2 and subscript 2 denotes samples 

taken at instant nT-T/2. 

Defining new variables 41, 42 as: 

41 = + jz2) = Riexp(j81) 

(6.23) 

(6.24) 

(6.25) 

42 = 
2 

z1 - jz2) = R2exp(j92) (6.26) 

where R1 and R2 0, -lc ei it and 0 2 i it. 

The sampled output vn, in term of new variables given by Eqs.(6.25) & (6.26), is: 

vn 
= 2(1 112 

, 2, 
t  _ it 12) = I fR 12 _ R22) (6.27) 

The decision as to whether a mark or space was sent is based on the polarity of vn. There-

fore, in order to analyse the error-rate performance, it is necessary to know the joint pdf 

of R1 and R2, p(R1, R2). This probability density function is given by [29]: 

4R1R2 [ (1-pdRi2 + (1-pj)R221 2prRiR21 
  , forR1,R2>0 (6.28) P(R1,R2) = 

o4(1-I
O2)exp  

a2(1-012) °Icy2(1-012) 

where 10 is the zeroth order modified Bessel function of the first kind: 

1 5 21r 
To(X) = -2-7r 0 exp(-xcosw)diir 

and p = Pr + jpi

where 

1  
= 2 ps(T)expj(4)si 4s2) + 6r2ps(T+T)expj(41zi-4),r2) 

(6.29) 

+ 6e2pc(T)exP.OcrOc2) an2Pn(r)] (6.30) 

= as2 a
c2

± a
x2 

± a  (6.31) 
6 52, a t 2, 62 and an2 are the average powers of the desired signal, the delayed signal, the 

co-channel interfering signal and noise respectively. 
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r4s2, 4i1-4z2 and Oa- Oa  are the change in phase of the desired signal, the 

delayed signal and the co-channel interfering signal respectively and ps(T), ps (T+t), 

pc(T) and pn(T) are the corresponding autocorrelation functions. These autocorrelation 

functions are given by: 

ps(T) = -1-25'*Ws(f)exp(j2nfT)df (6.32) 
a s 

ps(T-1-t) = —14 4°Ws'(f)exp(j2icf(T+T))df (6.33) 
a 

pc(T) = —12.1- Wc(f)exp(j2/EfT)df (6.34) 
ac 

pn(T) = - Wn(f)exp(j2nfT)df (6.35) 
an 

where Ws(f), Ws'(f), Wc(f) and Wn(f) are baseband power spectra of ST(t), ST(t+t), Se(t) 

and n(t) respectively. 

Assuming receiver omnidirectional antenna, Ws(f) is given by [28]: 

a s2  ifl < fp 
WO) nv,

fp2-f2 # 
> fp 

where fp 

a 2 

W =   < fp 
itqfp24 2
0 lfl ?fp

a 2
Wc(f)=   < fp

.70/fD242 

0 If] fp, 

(6.36) 

(6.37) 

is maximum doppler frequency depending on relative speed v and carrier 

wavelength X, (fD = v/X). It is assumed that the interfering signal suffers the same dop-

pler as the desired signal. Also assuming that the IF filter has the Gaussian shape and 3dB 

bandwidth Bi, Wn(f) is given by [28]: 

a 2n
Wn(f) = Bi 4771-1n2exp { -(f/Bi)21n2 } 

Therefore ps(T), ps(T-er), pc(T) and pn(T) are given by:

(6.38) 

(6.39) 
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ps(T) = ps(T+T) = pn(T) = J0(27i1DT) (6.40) 

and 

pn(T) = exp{-(7tBiT)2/1n2} (6.41) 

where J0(.) is zeroth order Bessel function of first kind. Substituting values of ps(T), 

ps(T+T), pn(T) and pn(T) in Eq.(6.30) and defining a  as2/an2,(3 = at2/an2,  = ac2/a  n2 

p is given by: 

a 2 2 a 
p = -4—.  ,ps(T)eiO 

_LL 
p ssi-Os2) + (r+t )e)(4),1-41,2) 

oh 0 2 

a 2 a 2
+ 

-E2 az' 
- -pc(T)eiki4c2) +-2-1„ pn(T) 
0  

- 
a+f3+y+1J°

(2,/cfDT)e,i64s +  P J e)64T 
a+f3+y+1 °

(27cf 
D

T)

+ 7 J (2/cf,-,T)eillOc +  1 e4d3i1)2/1112 
a+13+y+ 1 ° '-' a+Ps+y+ 1 

where 

&Os = ± it/2 + (ai+a_dpi + (a2+a_2)p2 +  given an = ± 1 
Ach = ± 7c/2 + (ai+a_ i)pri + (a2+a_2)p 2 +  given an = ± 1 

tS,On = bon/2 + (bi+b_i)Pci (b2+b-2)Pc2  
Further from Eq.(6.43): 

p — a  
a+i3+7+ 

J° (27cfDT)[costiOs +jsinA0s] 

+ P J (27tfl-,T)[cosA4),r + jsinAily 
a+13+7+1 ° 

+ 7  Jr (27cfnT)[cosAck + jsinAk] 
a+13+7+1 ° 

+ 
1 e_(tBiT)2m2

a+f3+y+1 

Equating the real and imaginary parts of p and substituting value of &Os, Obi  and A4

from Eqs.(6.44), (6.45) & (6.46) respectively in Eq.(6.47): 

a J (27cfnT)cos( ± + ) +   J0(27r-fDT)cos( ± 2+ 0,d Pr = 00.13+7+1 o 2 s a+13+7+ 1 

+ a+137+7+ J0(27cfDT)cos (boll + Od + 0,413141±1e-ocBiT)2fin2

p • — a  J0(27cfDT)sin( ± + 00 +  P  J0(2,7rfDT)sin( ± + 
a+[3+y+1 2 a+13+,y+1 

+ a+f3+ 711+1 
J0(27cfDT)sin(b01-c2- + On) 

where 

(6.42) 

(6.43) 

(6.44) 
(6.45) 
(6.46) 

(6.47) 

(6.48) 

(6.49) 
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es = (ai+a-OPi (a2+a-2)P2 
0,c = (ai+a_Opti + (a2+a_2)pr2 + 

ec = (bi+b-i)Pci (b2+b-2)Pc2 •••• 

are phase errors because of ISI. 

As the receiver decides ao = ± 1, if the sample of the detector output v(0) > 0 or v(0) 

< 0 respectively, the probability of error is given by: 

Pe = —1Pr[R2>R !mark] + —1Pr[R2<R1 Ispace] 
2 2 

1 ** R2 1 
= dR2l

o 

p (121,R2Imark)dR + dR25 p(R1,R2Ispace)dR1
0 RI

where p(R1,R2Imark) and p(R1,R2Ispace) denotes conditional joint probability density 

function of R1 and R2 for mark and space respectively. 

(6.50) 

The probability of error given ao = ± 1, is a function of a1, a_1, a2, a_2,...., bo, b1, b_1, 

b2, b.2, ..., and to, where {an} = (ao, a1, a_1, a2,...) is data sequence in the signal s(t) and 

{bo} = (bo, b1, b_1, b2, ...) is data sequence of co-channel. Substituting Eqs.(6.28) &(6.29) 

in Eq.(6.50) and letting Ri/R2=u and calculating the two integrals in Eq.(6.50) w.r.t. R2

first, Ni secondly and u finally Pe is given by: 

Pe(00,0e1a0= + 1) — (6.51) 
_ pr

substituting the values of pr and pi from Eqs.(6.48) and (6.49) in Eq.(6.51) Pe may be 

written as: 

where 
[Pe(0s,ac,Oclao= ± 1) — 2  

X1+X2+X3  (6.52) 

4(a+(3+11+1)2-(Y1+Y2+Y3+Y4)2

X1 = ccJ0(27i-fDT)sin( ± n/2+0s) (6.53) 

X2 = 13J0(27ifDT)sin( ± n/2+8,r) (6.54) 

X3 = Vo(2nfDT)sin(bon/2+0e) (6.55) 

Y1 = aJo(2nfDT)cos( ± 7c/2+05) (6.56) 

Y2 = [3J0(2a-fDT)cos( ± 7c/2+9,r) (6.57) 

Y3 = Vo(2nfDT)cos(boit/2+8e) (6.58) 

Y4 = exp { - (n13 iT)2/1n2} (6.59) 
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Therefore the probability of error given Os , Ot and Oc is: 

Pc(Os,O,c,Oc) = 2Pc(Os,0,c,Ocla0=-1) + - .11)e(Os,OvOcla0=+1) 

= 1 1 4 _[  X4+X5-X3 

4(a+(3+y+1)2-(Y5+Y6+Y3+Y4)2
+ 1 1  X4+X5+X3 

4 
-  

1/(a+(3+y+1)2-(Y5+Y6-Y3-Y4)2.1 
where 

(6.60) 

X4=aJ0(2/cfDT)cosOs (6.61) 
X5=13J0(27EfDT)cos8,r (6.62) 
Y5=a10(27cfDT)sinOs (6.63) 
Y6=13J0(2nfDT)sin8,c (6.64) 

As the significant ISI extends only to one or two adjacent bits Os, a c and Oc are accurately 

approximated by: 

es = (ai+a-i)Pi (a2+a-2)P2 

Or = (ai+a_i)p,ri + (a2+a_2)pt2

ec = (bi+b-i)Pci (b2+b-2)Pc2 

Statistical average of Pc(Os,0,7,9c) over a1, a_1, a2, a_2, b0, b1, b_1, b2, b_2 and tc is taken to 

obtain average probability of error. As b0 can take values +1 or -1 with equal probability, 

the probability of error for a given Os, a r and Oc and b0 = + 1 with tc = tc1 (some fixed 

value between 0 and T) is: 

1  X4+X5+X6 
Pe,b0=-1,t=tcl(evevvc1) = 4[  

-Aa+13+y+1)2-(Y5-016-FY71-Y4)2
X4+X5-X6 1[1.

4 q(a+13+y+1)2-(Y5+Y6-Y7-Y4)2

, 1 ,  X4+X5-X6 
Pe,b0=+13=tc1(85,arvc) — 411 -  , 

•Ni(a+(3-1-71-1)2-(Y5+Y6-Y7+Y4)2

X4+X5+X6 
4

+_1{1

q(a+13+y+1)2-(Y5+Y6+Y7-Y4)2

where 

X6 = yJ0(27ufDT)cos8c1

Y7 = yJo(27EfDT)sin8c1

Thus 

(6.65) 

(6.66) 
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1 1  X4+X5 +X6 
± 1 ,t= to (9 s' 1' — 2 8 q(a+(311+ 1)2_ (y 5+y6+y 7 +y 4)2 

X4+X5 -X6 

q(a+(3+7+1)2-(Y5+Y6-Y7-Y4)2

X4+X5-X6 

q(a+13+7+1)2-(Y5+Y6-Y7+Y4)2

X4+X5+x6 

q(cfc-F(3+y+1)2-(Y5+Y6+Y7-Y4)2] 

For computation of error probability, es, et and Ocl were calculated for all possible 

combination of data bits al, a_1, a2, a_2, b1, b_1, b2, b_2 and Pe,b0=-1- 1, t=tci(eva rki ) was
averaged over it. This may be denoted by P- av,e,b0=+ 1,t=tcl(es,0,t, 9c1). Finally, the above 

steps were repeated for different values of te between 0 and T in 100 steps and average 

probability of error, Pe, was obtained by taking the average value, i.e., 

Pav,e,b0= ± 1,t=tci (0s,v 0c 1) + + Pav,e,b0= ± 13=tcloo(evevec100) 
Pe — 100 

Using expression for Pe developed above in Eq.(6.68), the probability of error for 

GMSK is numerically computed in the next section for various combinations of channel 

parameters. The computer programs developed to calculate the probability of error for 

various combinations of channel parameters are given in Appendix 'A'. 

6.3. Numerical Results 

The BER for GMSK was computed for a prefilter normalized bandwidth BT=0.25. 

Following parameters were varied for these computations: 

1. The ratio of doppler spread to the data rate denoted by frifs. 

2. The ratio of relative delay between the main signal and the interfering co-channel 

signal to the symbol duration denoted by ti/T. 

(6.67) 

(6.68) 
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3. The average carrier power to additive Gaussian noise power ratio in dB denoted 

by CNR. 

4. The ratio of average carrier power to the interfering signal power in dB denoted 

by CIR. 

5. The ratio of average carrier power to the delayed path signal power in dB denoted 

by CDR. 

Further, the BER of GMSK with differential detection is compared with that of the 

discriminator detection using BER performance results for discriminator detection from 

previous chapter. 

6.3.1. Flat slow Rayleigh fading channel 

This is the simplest case. The flat fading implies negligible dispersion in the channel 

and consequently the delayed signal is negligible. Further due to the slow speed of the 

vehicle the doppler effect is also neglected. The computed results for log of the prob-

ability of error, log P(e), are plotted in Fig. 6.2 as a function of CNR with CIR as a 

parameter. In Fig. 6.3 log P(e) is plotted as a function of CIR with CNR as the 

parameter. A comparison of figures 6.2 and 6.3 shows that the effect of the interfering 

signal for such a channel is similar to that of additive noise. 

In Fig. 6.4 and 6.5 log P(e) results for one-bit differential detection are compared 

with that for limiter-discriminator (LD) detection. As may be seen from Fig. 6.4 for same 

log P(e), LD detection has 5 dB CNR advantage compared to one-bit delay detection. 

The comparison of log P(e) in Fig. 6.5 shows that LD detection can tolerate upto 10 

dB stronger interfering signal for the same probability of error. 
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Figure 6.2: The BER performance of GMSK in a flat slow fading channel cor-
rupted by AWGN and CCI. Doppler spread and dispersion are negli-
gible. 
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Figure 6.3: log P(e) vs CIR for GMSK in a flat slow fading channel corrupted by 
AWGN and CCI. Doppler spread and dispersion are negligible. 
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Figure 6.4: Comparison of BER performance of GMSK with one-bit DD and LDD 

in a flat slow fading channel corrupted by AWGN and CCI. Doppler 
spread dispersion are negligible. 
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Figure 6.5: Comparison of log P(e) vs CIR for GMSK with one-bit DD and LDD 
in a flat slow fading channel corrupted by AWGN and CCI. Doppler 
spread and dispersion are negligible. 
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6.3.2. Flat fast Rayleigh fading channel 

For such a channel the dispersive effect is negligible but the doppler is not negli-

gible. The BER results for such a channel are plotted in Fig. 6.6 and Fig. 6.7 for different 

values of vehicle speed. The doppler frequency was computed assuming a carrier fre-

quency of 850 MHz and a symbol rate of 25 KBaud. As may be seen from the results in 

Fig. 6.6 the errors occur even with infinite CIR and very high CNR. These errors occur 

because of the random phase modulation resulting from the doppler. The error rate 

depends on the vehicle speed. 

In Fig. 6.7 log P(e) is plotted as a function of log(fDT) with CIR as the parameter. 

When the doppler is high (log(fDT) = -1), BER is controlled by doppler and the effect of 

interfering signal is negligible. However, when speed of vehicle reduces the BER is more 

heavily influenced by interfering signal. 

In Figs. 6.8 and 6.9 the BER for one-bit differential detection is compared with that 

for limiter-discriminator detection using same parameters. As seen from Fig. 6.8 the BER 

performance is quite close for high values of CNR. For smaller values of CNR the BER 

performance with LD detection is better by about 5 dB compared to one-bit differential 

detection for same log P(e). A similar comparison in Fig. 6.9, shows that for smaller 

values of CIR, LD detection gives slightly better BER performance but for high values of 

CIR the BER performance is same for both the cases. 
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Figure 6.6: log P(e) vs CNR of GMSK in a flat fast fading channel corrupted by 
AWGN. Negligible dispersion and infinite CIR is assumed. 
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Figure 6.7: log P(e) vs log (fDT) for GMSK in a flat fading channel corrupted by 
CCI. Negligible dispersion and infinite CNR is assumed. 
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Figure 6.8: Comparison of log P(e) vs CNR for GMSK with one-bit DD and LDD 
in a flat fast fading channel corrupted by AWGN. Negligible disper-
sion and infinite CIR is assumed. 
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Figure 6.9: Comparison of log P(e) vs log (fDT) for GMSK with one-bit DD and 

LDD in a flat fast fading channel corrupted by CCI. Negligible dis-
persion and infinite CNR is assumed. 
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6.3.3. Frequency-selective slow Rayleigh fading channel 

Such a channel is dispersive, i.e., the delayed signal is not negligible but the doppler 

effects are negligible.. The BER for such a channel is plotted in Fig. 6.10 as a function of 

CDR with normalized delay VT as the parameter. As may be seen from this figure the 

BER value for the same CDR depends on t/T. For smaller values of t/T a stronger 

delayed signal (lower CDR) can be tolerated. As T/T increases, the effect of the delayed 

signal is similar to that of interfering signal. For the same value of BER there is an offset 

of a few dBs between the values of CDR and CIR. This offset is a function of the normal-

ized delay t/T. For large t/T the delayed signal is in effect another uncorrelated inter-

fering signal. The BER results are plotted in Fig. 6.11 as a function of VT for infinite 

CIR, CNR and neglecting doppler. As expected, log P(e) increases as t/T increases. 

A comparison of BER performance between one-bit differential detection and LD 

detection for such a channel is shown in Figs. 6.12 and 6.13. As may be seen from Fig. 

6.12, for small values of normalized delay VT, a 10 dB stronger delayed signal can be 

tolerated by LD detection for same BER performance. As the value of normalized delay 

VT increases the performance of LD detection is only slightly better than differential 

detection. The comparison in Fig. 6.13 shows that the LD performance is better than dif-

ferential detection for all values of delay t/T. 
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Figure 6.10: log P(e) vs CDR for GMSK in a frequency-selective slow fading 
channel. CNR is infinity. Doppler spread is assumed to be negligible. 
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Figure 6.12: Comparison of log P(e) vs CDR for GMSK with one-bit DD and LDD 
in a frequency-selective slow fading channel. CNR is infmity. Dop-
pler spread is assumed to be negligible. 
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Figure 6.13: Comparison of log P(e) vs log(TM for GMSK with one-bit DD and 
LDD in a frequency-selective slow fading channel. CNR is infinity. 
Doppler spread is assumed to be negligible. 
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6.3.4. Frequency-selective fast Rayleigh fading channel 

In such a channel the dispersion caused by the delayed signal and the doppler are 

the predominant factors. In order to bring out their effect on the BER performance, BER 

is computed for infinite CNR and CIR. In Fig. 6.14 log P(e) is plotted as a function of 

log(fDT) with delayed signal power and normalized delay as the parameters. For large 

doppler (log(fDT)=-1), the BER is controlled by the doppler and the delayed signal has 

only a minor influence. As the doppler is decreased, CDR and normalized delay control 

the BER. A comparison of BER performance with LD detection and one-bit differential 

detection for same channel parameters is shown in Fig. 6.15. It is seen that LD detection 

outperforms one-bit differential detection. In Fig. 6.16 log P(e) is plotted as a function of 

log(T/T) with CDR and vehicle speed as parameters. For large values of log(T/T) BER is 

controlled by CDR and vehicle speed has very small effect. However, as the normalized 

delay decreases BER is controlled by vehicle speed and the effect of CDR becomes neg-

ligible. A comparison of BER performance with LD detection and one-bit differential 

detection for the above channel parameters is shown in Fig. 6.17. It is seen that when 

normalized delay t/T is large the BER performance with LD detection is much better 

than one-bit differential detection, however as VT decreases and BER is controlled by 

doppler effect the performance of both detection methods is approximately same. In Fig. 

6.18 log P(e) is plotted as a function of CDR with T/T and vehicle speed as parameters. 

Again it is seen that for a small CDR the effect of normalized delay is more pronounced. 

As CDR increases, the delayed signal becomes ineffective and the BER is determined by 

vehicle speed. A comparison, under these channel conditions between LD detection and 

one-bit differential detection is shown in Fig. 6.19. Here it is seen that when CDR, is 

large both detection schemes give nearly same BER performance. However when CDR is 

small there is a gain of about 5-10 dB with LD detection for same BER performance. 
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Figure 6.14: log P(e) vs log(fDT) for GMSK in a frequency-selective fast fading 
channel. CIR and CNR are assumed to be infinity. 
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Figure 6.15: Comparison of log P(e) vs log(fDT) for GMSK with one-bit DD and 
LDD in a frequency-selective fast fading channel. CIR and CNR are 
assumed to be infinity. 
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Figure 6.16: log P(e) vs log(T/T) for GMSK in a frequency-selective fast fading 
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Figure 6.17: Comparison of log P(e) vs log(T/T) for GMSK with one-bit DD and 
LDD in a frequency-selective fast fading channel. CIR and CNR are 
assumed to be infinity. 



76 

. 

0 

-1-
Legend 

-2- • VE1--40K1APHolT=0.1,00 

VELF.4010,4PH,Tir=0.5,00 

-3-

-4 - 

-5- 111 

-6-

-7 - 

-8 t t • t • • • • • • • ••1••• •1••••i 
0 10 20 30 40 50 80 70 80 90 100 

-5-

CDR (dB) 

O 

0 

-1-

-2-

Legend 
• VE1r-120K),1PHJ/T=0.1,01 

VELP1201041314,11T=0.5,0 
-3- 

-4 - 111 

-5-

-8-

-7 - 

8 
0 10 20 30 40 50 80 70 80 90 100 

CDR (dB) 

Figure 6.18: log P(e) vs CDR for GMSK in a frequency-selective fast fading chan-
nel. CIR and CNR are assumed to be infinity. 
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Figure 6.19: Comparison of log P(e) vs CDR for GMSK with one-bit DD and LDD 
in a frequency-selective fast fading channel. CIR and CNR are as-
sumed to be infinity. 
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6.4. Summary 

The BER performance for one-bit differential detection of GMSK was analyzed in 

this chapter for frequency-selective fast fading channel corrupted by AWGN and CCI. A 

closed form expression for the probability of error was derived. The BER results were 

numerically computed for different combinations of channel parameters. It was seen that 

when the effects of speed of vehicle, delayed signal and co-channel interference were 

considered the probability of error increased. Further, on comparing these results with 

BER performance of GMSK with limiter discriminator detection it was seen that the per-

formance of limiter discriminator detection was superior to one-bit differential detection 

when the effect of interfering signal and delayed signal was taken into account. Both the 

detection schemes have similar performance if these signals were neglected. 
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7. CONCLUSIONS. 

The objectives of the thesis were as follows: 

(1) Analyse Gaussian-minimum-shift-keying bit error rate performance for a land 

mobile radio channel. This analysis should include additive white Gaussian noise, 

delayed signal resulting in frequency-selective fading and co-channel interference - as 

well as doppler effect. 

(2) Compute and compare bit error rate results for various combinations of channel 

parameters using both the discriminator detection and one-bit delay detection. 

Based on the work reported in this thesis, it can be said that both these objectives 

were realised. The conclusions may be summarized as: 

1. A closed form expression for probability of error was derived for both the limiter 

discriminator detection of GMSK and differential detection of GMSK. 

2. The bit error rate for both the detection schemes were numerically computed for 

various combinations of channel parameters. It was seen that the speed of vehicle, 

delayed signal and co-channel interference all influence the probability of error. As these 

effects increase so does the probability of error. In a practical systems these effects will 

be present to a certain extent. The analysis done in this thesis gives a more accurate pic-

ture of the performance of GMSK in a land mobile radio channel. 

3. Comparison of performance for the two detection schemes was done. It was seen 

that the performance of limiter discriminator detector was superior to that of one-bit dif-

ferential detection, when the effect of cochannel interfering signal and delayed signal was 
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taken into account. Both detection schemes have similar performances if these signals are 

neglected. In practical systems the effect of interfering signal and delayed signal cannot 

be neglected. Hence in a practical systems limiter discriminator detection will out-

perform one-bit differential detection. 

7.1. Suggestion for future study 

The performance of GMSK can be further improved by making some modifications 

in the receiver. This may be done using the following two methods: 

1. The one-bit differential detection method discussed in Chapter 6, can be modified 

to two-bit differential detection. Here the signal is delayed by two-bit duration before 

multiplying it by original signal. The detector output in this case is no longer symmetrical 

about 0 volt. The detection threshold is biased away from zero and this can yield a sig-

nificant improvement in error probability performance relative to one-bit differential 

detection. The performance of GMSK with two-bit differential detection should be 

studied using the channel model described in this thesis. 

2. As discussed in Chapter 3, introduction of Gaussian low-pass filter before FM 

modulator causes intersymbol interference (ISI) which degrades the BER performance. 

The effect of ISI can be reduced by employing decision feedback equalisation (DFE) and 

the BER performance can be improved. A decision feedback equaliser uses feedback of 

decisions on symbols already received to cancel the interference. Performance of GMSK 

with DFE need to be evaluated for the channel model described in this thesis. 

Improvement possible using either or both of the above methods has to be weighed 

against the increased hardware complexity. 
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A. Computer Program for calculating the BER 

The programs given below were used to calculate bit-error-rate of GMSK in a 

frequency-selective fast Rayleigh fading channel. Bit error rate for both, limiter dis-

criminator detection and one-bit differential detection are computed. The programs are 

written in FORTRAN language. The Bessel and Integral functions used in the programs 

are available in IMSL library on VAX-3600. 

A flowchart for calculating the BER performance of GMSK in a flat slow fading 

channel corrupted by AWGN and CCI is shown in Fig. A.1. Flowcharts for the evalua-

tion of the probabilities of error for other channel parameters are done in a similar man-

ner. 
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Open Input and 
Output Data File 

Read Data from 
Terminal 

V 
Ituriah7e 
FQ = 850 Mhz 
VC = 108 x 10**7 KMPH 
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Read Data from 
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Evaluate BTS, 
FDMTS, CIR 

Stop 4 

A 

Yes 
C1R > 50 

Evaluate 
CNR 

NR > 100 

!VC 

 ►' CIR — C1R + 10 

Figure A.1: Flowchart for calculating the BER performance of GMSK in a flat 
slow fading channel corrupted by AWGN and CCI. 
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Evaluate 
SIG1 

Initialize Variable: 
TC = 0.0 
PE = 0.0 
PEI = 0.0 
PETA = 0.0 
ZP1 = 0.0 
71YT = 0.0 

Subroutine "LDD" calculates 
Log P(e) based on 
Eq. 5.48 in thesis. 

Subroutine "DD" calculates 
Log P(e) based on 
Ea. 6.68 in thesis. 

Write on 
Output File 

CNR = CNR + 10 

Figure A.1, Concluded 
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PROGRAM FOR CALULATING BIT ERROR RATE FOR GMSK 
IN A FLAT SLOW FADING CHANNEL CORRUPTED BY AWGN 
AND CCI. DOPPLER SPREAD AND DISPERSION ARE NEGLIGIBLE. 
DECLARATION OF THE TYPE OF VARIABLES 
DIMENSION DE(256,8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 
REAL LPL,LPD 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILFS FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE=ILDDLOUT',STATUS='NEW) 
OPEN(UNIT=22,FILE='DDLOUT',STATUS='NEW) 
OPEN(UNIT=23,FILE='D.DAT',STATUS='OLD') 
ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'SIGNAL-TO-NOISE RATIO A=' 
ACCEPT *,A 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'VELOCITY OF VEHICLE(KMPH) V=' 
ACCEPT *,V 
TYPE *,'3DB BANDWIDTH OF GAUSSIAN FILTER B0=' 
ACCEPT *,BO 
TYPE *,'CO-CHANNEL SIGNAL-TO-NOISE RATIO B=' 
ACCEPT *,B 
TYPE *,'DELAYED SIGNAL-TO-NOISE RATIO C=' 
ACCEPT *,C 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 
FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
CALCULATION OF THE MAXIMUM DOPPLER FREQUENCY 
FDM=FQ*(V/VC) 
READING DATA FROM THE DATA FILE 
DO 2 I = 1,256 
READ (23,*)(NE(I,J),J=1,8) 

2 CONTINUE 

PI=22/7 
BTS=BO*BO*T*T 
FDMTS=FDM*FDM*T*T 
AP=A 
AP1=A 
CALCULATION OF DELAYED SIGNAL-TO-SIGNAL POWER RATIO 
X=C/ A 
CALCULATION OF COCHANNEL SIGNAL-TO-SIGNAL POWER RATIO 

5 W=B/AP 
AC=ALOG10(1/W) 
SIGNAL-TO-COCHANNEL SIGNAL POWER RATIO IN dB 
CIR=10*AC 
IF(CIR.GT.50)GO TO 30 
A=AP1 

10 AN=ALOG10 (A) 
SIGNAL-TO-NOISE POWER RATIO IN dB 
CNR=10*AN 

IF(CNR.GT.100)GO TO 20 
IF(A.EQ.0.0)THEN 
SIG1=SQRT(1+W+X) 
ELSE 
SIG1=SQRT(1+W+X+(1/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 
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PE=0.0 
PE1=0.0 
PETA-0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 
FOR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 

CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PELBTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)CNR,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22,200)CNR,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
A=A*10.0 
GO TO 10 

20 AP=10*AP 
GO TO 5 

30 CONTINUE 
STOP 
END 

THIS PROGRAM CALCULATES LOG P(E) VS CNR FOR GMSK 
IN A FLAT FAST FADING CHANNEL CORRUPTED BY AWGN. 
NEGLIGIBLE DISPERSION AND INFINITE CIR IS ASSUMED. 
DECLARATION OF THE TYPE OF VARIABLES 
DIMENSION DE(256,8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 
REAL LPL,LPD 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='LDD3.0UT',STATUS='NEW) 
OPEN(UNIT=22,FILE='DD3.0UT',STATUS='NEW) 
OPEN(UNIT...23,FILE=1D.DAT',STATUS='OLD') 
ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'SIGNAL-TO-NOISE RATIO A=' 
ACCEPT *,A 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY 111)=' 
ACCEPT *,D 
TYPE *,'VELOCITY OF VEHICLE(KMPH) V=' 
ACCEPT *,V 
TYPE *,'3DB BANDWIDTH OF GAUSSIAN FILTER B0=' 
ACCEPT *,BO 
TYPE *,'CO-CHANNEL SIGNAL-TO-NOISE RATIO B=' 
ACCEPT *,B 
TYPE *,'DELAYED SIGNAL-TO-NOISE RATIO C=' 
ACCEPT *,C 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 
FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
READING DATA FROM THE DATA FILE 
DO 2 I = 1,256 
READ (23,*) (DE(I,J),J=1,8) 

2 CONTINUE 
PI=22/7 
BTS=BO*BO*T*T 
AP1=A 



CALCULATION OF DELAYED SIGNAL-TO-SIGNAL POWER RATIO 
X=C/A 

5 A=AP1 
CALCULATION OF MAXIMUM DOPPLER FREQUENCY 
FDM=FQ*(V/VC) 
FDMTS=FDM*FDM*T*T 
SIGNAL-TO-NOISE POWER RATIO IN dB 

10 AN=ALOG10(A) 
CNR=10*AN 
IF(CNR.GT.100)GO TO 20 
IF(A.EQ.0.0)THEN 
SIG1=SQRT(1+W+X) 
ELSE 

SIG1=SQRT(1+W+X+(1/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 
PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 
FOR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 

CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)CNR,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22,200)CNR,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
A=A*10.0 
GO TO 10 

20 V=V+40.0 
IF(V.LE.120.0)GO TO 5 

30 CONTINUE 
STOP 
END 

THIS PROGRAM CALCULATES LOG P(E) VS CIR FOR GMSK 

IN A FLAT SLOW FADING CHANNEL CORRUPTED BY AWGN 
AND CCI. DOPPLER SPREAD AND DISPERSION ARE NEGLIGIBLE. 
DECLARATION OF THE TYPE OF VARIABLES 
DIMENSION DE(256,8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 
REAL LPL,LPD 
INTRINSIC SQRT,ALOG10,EZP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='LDD2.0UT',STATUS='NEW) 
OPEN(UNIT=22,FILE='DD2.0UT',STATUS='NEW) 
OPEN(UNIT=23,FILE='D.DAT',STATUS='OLD') 
ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'SIGNAL-TO-NOISE RATIO A=' 
ACCEPT *,A 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'VELOCITY OF VEHICLE(KMPH) V=' 
ACCEPT *,V 
TYPE *,'3DB BANDWIDTH OF GAUSSIAN FILTER 
ACCEPT *,BO 
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TYPE *,'CO-CHANNEL SIGNAL-TO-NOISE RATIO B=' 
ACCEPT *,B 
TYPE *,'DELAYED SIGNAL-TO-NOISE RATIO C=' 
ACCEPT *,C 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 
FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
CALCULATION OF THE MAXIMUM DOPPLER FREQUENCY 
FDM=FQ*(V/VC) 
READING DATA FROM THE DATA FILE 
DO 2 I = 1,256 
READ (23,*) (DE(I,J),J=1,8) 

2 CONTINUE 
PI=22/7 
BTS=BO*BO*T*T 
FDMTS=FDM*FDM*T*T 
AP=A 
AP1=A 
CALCULATION OF DELAYED SIGNAL-TO-SIGNAL POWER RATIO 
X=C/A 
SIGNAL-TO-NOISE POWER RATIO IN dB 

5 AN=ALOG10(A) 
CNR=10*AN 
IF(CNR.GT.50)GO TO 30 
AP=AP1 
CALCULATION OF COCHANNEL SIGNAL-TO-SIGNAL POWER RATIO 

10 W=B/AP 
SIGNAL-TO-COCHANNEL SIGNAL POWER RATIO IN dB 

AC=ALOG10(1/W) 
CIR=10*AC 
IF(CIR.GT.100)GO TO 20 
IF(A.EQ.0.0)THEN 
SIG1=SQRT(l+W+X) 
ELSE 
SIG1=SQRT(1+W+X+(1/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 

PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 
FOR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 
CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)CIR,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22,200)CIR,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
AP=AP*10.0 
GO TO 10 

20 A=10*A 
GO TO 5 

30 CONTINUE 
STOP 
END 
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THIS PROGRAM CALCULATES LOG P(E) VS LOG(FDT) FOR GMSK 

IN A FLAT FAST FADING CHANNEL CORRUPTED BY CCI. 

NEGLIGIBLE DISPERSION AND INFINITE CNR IS ASSUMED. 

DECLARATION OF THE TYPE OF VARIABLES 

DIMENSION DE(256,8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 

REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 

REAL LPL,LPD,FDT,AFDT,LFDT 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='LDD4.0UT',STATUS='NEW) 

OPEN(UNIT=22,FILE='DD4.0UT',STATUS='NEW) 
OPEN(UNIT=23,FILE='D.DAT',STATUS='OLD') 

ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'COCHANNEL SIGNAL-TO-SIGNAL RATIO W=' 
ACCEPT *,W 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'FDT=' 
ACCEPT *,FDT 
TYPE *,'3DB BANDWIDTH OF GAUSSIAN FILTER B0=' 
ACCEPT *,BO 
TYPE *,'DELAYED SIGNAL-TO-SIGNAL RATIO X=' 
ACCEPT *,B 
TYPE *,'DELAYED SIGNAL-TO-NOISE RATIO C=' 
ACCEPT *,C 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 
FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
READING DATA FROM THE DATA FILE 
DO 2 I = 1,256 
READ (23,*) (DE(I,J),J=1,8) 

2 CONTINUE 
PI=22/7 
BTS=BO*BO*T*T 
AFDT=FDT 
SIGNAL-TO-COCHANNEL SIGNAL POWER RATIO IN dB 

5 AC=ALOG10(1/W) 
CIR=10.*AC 
IF(CIR.GT.50)GO TO 30 
FDT=AFDT 
LFDT=ALOG10(FDT) 
CALCULATION OF MAXIMUM DOPPLER FREQUENCY 

10 FDMTS=FDT*FDT 
IF(A.EQ.0.0)THEN 
SIG1=SQRT(1+W+X) 
ELSE 

SIG1=SQRT(1+w+x+(1/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 
PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 
FOR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 
CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 

FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION.
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 



90 

WRITING DATA IN THE OUTPUT FILES 
WRITE (21, 100) LFDT, LPL 

100 FORMAT(2X, 12E15.7, 2X, 1PE15.7) 
WRITE (22, 200) LFDT, LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
LFDT=LFDT-0.25 
FDT=10**LFDT 
IF(FDT.LT.0.001)G0 TO 20 
GO TO 10 

20 W=W/ 10 
GO TO 5 

30 CONTINUE 
STOP 
END 

THIS PROGRAM CALCULATES LOG P(E) VS CDR FOR GMSK 
IN A FREQUENCY-SELECTIVE SLOW FADING CHANNEL. 
CNR IS INFINITY. DOPPLER SPREAD IS ASSUMED TO BE 
NEGLIGIBLE. 
DECLARATION OF THE TYPE OF VARIABLES 
DIMENSION DE(256,6) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 
REAL LPL, LPD 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='IDD5.0UT',STATUS='NEW) 
OPEN(UNIT=22,FILE='DD5.0UT',STATUS='NEW) 
OPEN(UNIT=23,FILE='D.DAT',STATUS='OLD') 
ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'VELOCITY OF VEHICLE (KMPH) V=' 
ACCEPT *,V 
TYPE *,'3DB BANDWIDTH OF GAUSSIAN FILTER B0=' 
ACCEPT *,BO 
TYPE *,'COCHANNEL SIGNAL-TO-NOISE POWER RATIO B=' 
ACCEPT *,B 
TYPE *,'DELAYED SIGNAL-TO-SIGNAL RATIO X=' 
ACCEPT *,X 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 

FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
READING DATA FROM THE DATA FILE 
DO 2 I = 1,256 
READ (23,*)(DE(I,J),J=1,8) 

2 CONTINUE 
CALCULATION OF MAXIMUM DOPPLER FREQUENCY 
FDM=FQ*(V/VC) 
PI=22/7 
BTS=BO*B0*T*T 
FDMTS=FDM*FDM*T*T 
AX=X 
NORMALIZED DELAY IS GIVEN BY: 

5 RA=D/T 
IF(RA.GT.1.1)GO TO 30 
X=AX 
SIGNAL-TO-DELAYED-SIGNAL POWER RATIO IN dB 

10 AC=ALOG10(1/X) 
CDR=AC*10 
IF(CDR.GT.50)G0 TO 20 
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IF(A.EQ.0.0)THEN 

SIG1=SQRT(1+W+X) 
ELSE 
SIG1=SQRT(1+W+X+(1/A)) 
END IF 

* INITIALIZATION OF VARIABLES 
TC = 0.0 
PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 

FCR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 

CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PELBTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)CDR,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22:200)CDR,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
X=X/10 
GO TO 10 

20 D=D+0.000004 
GO TO 5 

30 CONTINUE 
STOP 
END 

THIS PROGRAM CALCULATES LOG P(E) VS LOG(D/T) FOR GMSK 
IN A FREQUENCY-SELECTIVE SLOW FADING CHANNEL. 
CNR IS INFINITY. DOPPLER SPREAD IS ASSUMED TO BE 
NEGLIGIBLE. 
DECLARATION OF THE TYPE CF VARIABLES 
DIMENSION DE(256,8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 
REAL LPL,LPD,RA,ARA,LRA 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='LDD6.0UT',STATUS='NEW) 
OPEN(UNIT=22,FILE='DD6.0UT',STATUS='NEW) 
OPEN(UNIT=23,FILE='D.DAT',STATUS='OLD') 
ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'VELOCITY OF VEHICLE (KMPH) V=' 
ACCEPT *,V 
TYPE *,'3DB BANDWIDTH OF GAUSSIAN FILTER B0=' 
ACCEPT *,B0 
TYPE *,'COCHANNEL SIGNAL-TO-SIGNAL POWER RATIO W=' 
ACCEPT *,W 
TYPE *,'DELAYED SIGNAL-TO-SIGNAL RATIO X=' 
ACCEPT *,X 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 

FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
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READING DATA FROM THE DATA FILE 

DO 2 I = 1,256 
READ (23,*) (DE(I,J),J=1,8) 

2 CONTINUE 
CALCULATION OF MAXIMUM DOPPLER FREQUENCY 

FDM=FQ*(V/VC) 
PI=22/7 
BTS=BO*B0*T*T 
FDMTS=FDM*FDM*T*T 
AX=X 
NORMALIZED DELAY IS GIVEN BY: 

RA=D/T 
ARA=RA 
SIGNAL-TO-DELAYED-SIGNAL POWER RATIO IN dB 

5 AC=ALOG10(1/X) 
CDR=AC*10 
IF(CDR.GT.20)GO TO 30 
RA=ARA 

LRA=ALOG10(RA) 
10 IF(A.EQ.0.0)THEN 

SIG1=SQRT(1+W+X) 
ELSE 
SIG1=SQRT(l+W+X+(l/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 
PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 

FOR GMSK WITH LIMITER.DISCRIMINATOR DETECTION. 
CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCULATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)LRA,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22,200)LRA,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
LRA=LRA-0.25 
RA=10**LRA 
D=T*RA 
IF(RA.LT.0.01)GO TO 20 
GO TO 10 

20 X=X/10 
GO TO 5 

30 CONTINUE 
STOP 
END 

THIS PROGRAM CALCULATES LOG P(E) VS LOG(FDT) FOR GMSK 
IN A FREQUENCY-SELECTIVE FAST FADING CHANNEL. 
CNR AND CIR ARE ASSUMED TO BE INFINITY. 
DECLARATION OF THE TYPE OF VARIABLES 
DIMENSION DE (256, 8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PELPETA,ZPLZPT,PI 
REAL LPL,LPD,AD,AFDT,CDR,RA,FDT,LFDT 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='LDD7.0UT',STATUS=INEW) 
OPEN(UNIT=22,FILE='DD7.0UT',STATUS='NEW) 
OPEN(UNIT=23,FILE='D.DAT',STATUS='OLD') 
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ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'FDT=' 
ACCEPT *,FDT 
TYPE *,1 3DB BANDWIDTH OF GAUSSIAN FILTER BO=' 
ACCEPT *,BO 
TYPE *,'COCHANNEL SIGNAL-TO-SIGNAL POWER RATIO W=' 
ACCEPT *,W 
TYPE *,'DELAYED SIGNAL-TO-SIGNAL RATIO X=' 
ACCEPT *,X 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 
FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
READING DATA FROM THE DATA FILE 
DO 2 I = 1,256 
READ (23,*)(DE(I,J),J=1,8) 

2 CONTINUE 
AD=D 
PI=22/7 
BTS=BO*BO*T*T 
AFDT=FDT 
SIGNAL-TO-DELAYED-SIGNAL POWER RATIO IN dB 

5 AC=ALOG10(1/X) 
CDR=AC*10 
IF(CDR.GT.30)GO TO 30 
D=AD 
NORMALIZED DELAY IS GIVEN BY 

6 RA=D/T 
IF(RA.GT.0.5)GO TO 20 
FDT=AFDT 
LFDT=ALOG10(FDT) 

10 FDMTS=FDT*FDT 
IF(A.EQ.0.0)THEN 
SIG1=SQRT(1+W+X) 
ELSE 
SIG1=SQRT(1+W+X+(1/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 
PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 
FOR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 

CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL) 

SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)LFDT,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22,200)LFDT,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15 7) 
LFDT=LFDT-0.25 
FDT=10**LFDT 
IF(FDT.LT.0.001)GO TO 11 
GO TO 10 

11 D=D*5 
GO TO 6 

20 X=X/100 
GO TO 5 

30 CONTINUE 
STOP 
END 
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THIS PROGRAM CALCULATES LOG P(E) VS LOG(D/T) FOR GMSK 
IN A FREQUENCY-SELECTIVE FAST FADING CHANNEL. 
CNR AND CIR ARE ASSUMED TO BE INFINITY. 
DECLARATION OF THE TYPE OF VARIABLES 
DIMENSION DE(256,8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 
REAL LPL,LPD,AV,CDR,RA,LRA 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='LDD8.0UT',STATUS='NEW) 
OPEN(UNIT=22,FILE='DD8.0UT',STATUS=1 NEW) 
OPEN(UNIT=23,FILE=1D.DAT',STATUS='OLD') 
ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'VELOCITY OF VEHICLE (KMPH) V=' 
ACCEPT' *,V 
TYPE *,'3DB BANDWIDTH OF GAUSSIAN FILTER B0=' 
ACCEPT *,B0 
TYPE *,'COCHANNEL SIGNAL-TO-SIGNAL POWER RATIO W=' 
ACCEPT *,W 
TYPE *,'DELAYED SIGNAL-TO-SIGNAL RATIO X=' 
ACCEPT *,X 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 
FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
READING DATA FROM THE DATA FILE 
DO 2 I'= 1,256 
READ (23,*)(DE(I,J),J=1,8) 

2 CONTINUE 
AV=V 
PI=22/7 
BTS=BO*BO*T*T 
NORMALIZED DELAY IS GIVEN BY 
RA=D/T 
ARA=RA 
SIGNAL-TO-DELAYED-SIGNAL POWER RATIO IN dB 

5 AC=ALOG10(1/X) 
CDR=AC*10 
IF(CDR.GT.30)GO TO 30 
V=AV 
MAXIMUM DOPPLER FREQUENCY IS GIVEN BY 

6 FDM=FQ*(V/VC) 
FDMTS=FDM*FDM*T*T 
IF(V.GT.120.0)GO TO 20 
RA=ARA 
LRA=ALOG10(RA) 

10 IF(A.EQ.0.0)THEN 
SIG1=SQRT(1+W+X) 
ELSE 
SIG1=SQRT(1+W+X+(1/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 
PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
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SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 
FOR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 
CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)LRA,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22,200)LRA,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
LRA=LRA-0.25 
RA=10**LRA 
D=T*RA 
IF(RA.LT.0.01)G0 TO 11 
GO TO 10 

11 V=V+80.0 
GO TO 6 

20 X=X/10 
GO TO 5 

30 CONTINUE 
STOP 
END 

THIS PROGRAM CALCULATES LOG P(E) VS CDR FOR GMSK 

IN A FREQUENCY-SELECTIVE FAST FADING CHANNEL. 
CNR AND CIR ARE ASSUMED TO BE INFINITY. 
DECLARATION OF THE TYPE OF VARIABLES 
DIMENSION DE(256,8) 
REAL A,T,D,V,BO,B,C,FQ,VC,FDM,BTS 
REAL FDMTS,AP,AP1,X,W,AC,CIR,AN,CNR 
REAL SIG1,TC,PE,PE1,PETA,ZP1,ZPT,PI 
REAL LPL, LPD,AV,CDR,RA,LRA 
INTRINSIC SQRT,ALOG10,EXP 
EXTERNAL F 
OPENING OF FILES FOR WRITING OUTPUT RESULT 
AND READING DATA 
OPEN(UNIT=21,FILE='LDD9.0UT',STATUS='NEW) 
OPEN(UNIT=22,FILE='DD9.0UT',STATUS='NEW) 
OPEN(UNIT=23,FILE="D.DAT',STATUS='OLD') 
ACCEPTING DATA FROM THE TERMINAL 
TYPE *,'DURATION OF PULSE T=' 
ACCEPT *,T 
TYPE *,'DURATION OF DELAY D=' 
ACCEPT *,D 
TYPE *,'VELOCITY OF VEHICLE (KMPH) V=' 
ACCEPT *,V 
TYPE *,1 3DB BANDWIDTH OF GAUSSIAN FILTER B0=' 
ACCEPT *,B0 
TYPE *,'COCHANNEL SIGNAL-TO-SIGNAL POWER RATIO W=' 
ACCEPT *,W 
TYPE *,'DELAYED SIGNAL-TO-SIGNAL RATIO X=' 
ACCEPT *,X 
FQ IS THE CARRIER FREQUENCY WHICH IS ASSUMED TO BE 850 MHZ 
FQ=850*(10**6) 
VELOCITY OF LIGHT IN KM PER HOUR 
VC=108*(10**7) 
READING DATA FROM THE DATA FILE 
DO 2 I = 1,256 
READ (23,*)(DE(I,J),J=1,8) 

2 CONTINUE 
AX=X 
AV=V 
PI=22/7 
BTS=BO*BO*T*T 
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NORMALIZED DELAY IS GIVEN BY 
5 RA=D/T 

IF(RA.GT.0.5)GO TO 30 
X=AX 
V=AV 
MAXIMUM DOPPLER FREQUENCY IS GIVEN BY 

6 FDM=FQ*(V/VC) 
FDMTS=FDM*FDM*T*T 
SIGNAL-TO-DELAYED-SIGNAL POWER RATIO IN dB 

10 AC=ALOG10(1/X) 
CDR=AC*10 
IF(CDR.GT.100)GO TO 25 
IF(A.EQ.0.0)THEN 
SIG1=SQRT(1+W+X) 
ELSE 

SIG1=SQRT(1+W+X+(1/A)) 
ENDIF 
INITIALIZATION OF VARIABLES 
TC = 0.0 
PE=0.0 
PE1=0.0 
PETA=0.0 
ZP1=0.0 
ZPT=0.0 
SUBROUTINE LDD CALCULATES PROBABILITY OF ERROR 

FOR GMSK WITH LIMITER DISCRIMINATOR DETECTION. 
CALL LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PELBTS,FDMTS,SIG1,LPL) 
SUBROUTINE DD CALCUTATES PROBABILITY OF ERROR 
FOR GMSK WITH ONE-BIT DIFFERENTIAL DETECTION. 
CALL DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
WRITING DATA IN THE OUTPUT FILES 
WRITE(21,100)CDR,LPL 

100 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
WRITE(22,200)CDR,LPD 

200 FORMAT(2X, 1PE15.7, 2X, 1PE15.7) 
X=X/10 
GO TO 10 

25 V=V+80.0 
IF(V.GT.200.0)GO TO 20 
GO TO 6 

20 D=D*5 
GO TO 5 

30 CONTINUE 
STOP 
END 
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THIS SUBROUTINE CALCULATES THE PROBABILITY OF ERROR 
CF GMSK WITH LIMITER DISCRIMINATOR DETECTION IN A 
FREQUENCY-SELECTIVE FAST RAYLEIGH FADING CHANNEL. 
SUBROUTINE LDD(T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL) 
DECLARATION OF VARIABLES 
REAL T,D,V,BO,TC,A,B,C,W,X,PE,PE1,BTS,FDMTS,SIG1,LPL 
REAL A1,B1,ERRABS,ERRREL,ERREST,A2,82,A3,B3,A4,84,A5 
REAL B5,A6,B6,A7,B7,A8,B8,G01,GT1,GDTS,GDTN,GD,GTC 
REAL GTCS,GTCN,GS01,X1,X2,X3,X4,X5,X6,X7,X8,X9,X10 
REAL X11,X12,X13,X14,X15,Y1,Y2,Y3,Y4,Y5,Y6,Y7,Y8,Y9 
REAL Y10,Y11,Y12,Y13,Y14,Y15,Y16,Z4,Z5,Z6,Z7,28,Z9 
REAL Z10,Z11,Z12,Z13,Z14,Z15,Z16,Z17,Z18,Z19,Z20,Z21 
REAL Z22,Z23,Z24,Z25,Z26,Z27,Z28,Z29,Z30,231,Z32,Z33 
REAL Z34,Z35,P1,P2,P3,P4,P5,P6,P7,P8,P9,P10,P11,P12 
REAL P13,P14,P15,P16,P17,P18,P19,P20,P21,P22,P23,P24 
REAL P25,P26,P27,P28,P29,P30,P31,P32,PE2 
INTEGER IRULE 
INTRINSIC SQRT,EXP,AL0G10 
EXTERNAL F 
CALCULATION OF THE IMPULSE RESPONSE OF THE GAUSSIAN LOW 
PASS FILTER. THE FUNCTION QDAG IS FROM IMSL LIBRARY AND 
THIS FUNCTION EVALUATES THE INTEGRAL. THE FUNCTION TO BE 
INTEGRATED IS DEFINED IN F. 

15 A1=-T/2 
B1=T/2 
ERRABS=0.0 
ERRREL=0.001 
IRULE=6 
CALL QDAG(F,A1,131,ERRABS,ERRREL,IRULE,G0LERREST) 
A2=T/2 
B2=3*T/2 
CALL QDAG(F,A2,132,ERRABS,ERRREL,IRULE,GTLERREST) 
A3=D+(T/2) 
B3=D+(3*T/2) 
CALL QDAG(F,A3,B3,ERRABS,ERRREL,IRULE,GDTS,ERREST) 
A4=D-(3*T/2) 
B4=D-(T/2) 
CALL QDAG(F,A4,84,ERRABS,ERRREL,IRULE,GDTN,ERREST) 
A5=D-(T/2) 
B5=D+(T/2) 
CALL QDAG(F,A5,B5,ERRABS,ERRREL,IRULE,GD,ERREST) 
A6=TC-(T/2.0) 
B6=TC+(T/2.0) 
CALL QDAG(F,A6,B6,ERRABS,ERRREL,IRULE,GTC,ERREST) 
A7=TC+(T/2.0) 
B7=TC+(3*T/2.0) 
CALL QDAG(F,A7,87,ERRABS,ERRREL,IRUIE,GTCS,ERREST) 
A8=TC-(3*T/2) 
B8=TC-(T/2) 
CALL QDAG(F,A8,B8,ERRABS,ERRREL,IRULE,GTCN,ERREST) 
CALCULATION OF THE PROBABILITY OF ERROR'AS PER THE 
FORMULA DERIVED IN THE CHAPTER 5 OF THESIS. 
GS01=G01*G01 
X1=1*GO1 
X2=W*(GTC+GTCS-GTCN) 
X3=X*(GD+GDTS-GDTN) 
X4=W*(GTC+GTCS+GTCN) 
X5=W*(GTC-GTCS-GTCN) 
X6=1*(G01+2*GT1) 
X7=X*(GD+GDTS+GDTN) 
X8=X*(GD-GDTS+GDTN) 
X9=1*(G01-2*GT1) 
X10=X*(GD-GDTS-GDTN) 
X11=W*(GTC-GTCS+GTCN) 
X12=W*(-GTC+GTCS-GTCN) 
X13=W*(-GTC+GTCS+GTCN) 
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X14=W*(-GTC-GTCS-GTCN) 
X15=W*(-GTC-GTCS+GTCN) 
IF(A.EQ.0.0)THEN 
Y1=0.0 
ELSE 
Y1=(4*BTS)/(3*A) 
ENDIF 
Y2=1*((8*FDMTS)+GS01) 
Y3=w*((8*FDMTS)+(GTC+GTCS-GTCN)*(GTC+GTCS-GTCN)) 
Y4=X*((8*FDMTS)+(GD+GDTS-GDTN)*(GD+GDTS-GDTN)) 
Y5=W*((8*FDMTS)+(GTC+GTCS+GTCN)*(GTC+GTCS+GTCN)) 
Y6=W*((8*FDMTS)+(GTC-GTCS-GTCN)*(GTC-GTCS-GTCN)) 
Y7=1*((8*FDMTS)+(G01+2*GT1)*(G01+2*GT1)) 
Y8=X*((8*FDMTS)+(GD+GDTS+GDTN)*(GD+GDTS+GDTN)) 
Y9=X*((8*FDMTS)+(GD-GDTS+GDTN)*(GD-GDTS+GDTN)) 
Y10=1*((8*FDMTS)+(G01-2*GT1)*(G01-2*GT1)) 
Y11=X*((8*FDMTS)+(GD-GDTS-GDTN)*(GD-GDTS-GDTN)) 
Y12=W*((8*FDMTS)+(GTC-GTCS+GTCN)*(GTC-GTCS+GTCN)) 
Y13=W*((8*FDMTS)+(-GTC+GTCS-GTCN)*(-GTC+GTCS-GTCN)) 
Y14=W*((8*FDMTS)+(-GTC+GTCS+GTCN)*(-GTC+GTCS+GTCN)) 
Y15=W*((8*FDMTS)+(-GTC-GTCS-GTCN)*(-GTC-GTCS-GTCN)) 
Y16=W*((8*FDMTS)+(-GTC-GTCS+GTCN)*(-GTC-GTCS+GTCN)) 
Z4=SQRT(Y1+Y2+Y3+Y4) 
Z5=SQRT(Y1+Y2+Y5+Y4) 
Z6=SQRT(Y1+Y2+Y6+Y4) 
Z7=SQRT(Y1+Y7+Y3+Y8) 
Z8=SQRT(Y1+Y7+Y5+Y8) 
Z9=SQRT(Y1+Y7+Y6+Y8) 
Z10=SQRT(Y1+Y2+Y3+Y9) 
Z11=SQRT(Y1+Y2+Y5+Y9) 
212=SQRT(Y1+Y2+Y6+Y9) 
Z13=SQRT(Y1+Y10+Y3+Y11) 
Z14=SQRT(Y1+Y10+Y5+Y11) 
Z15=SQRT(Y1+Y10+Y6+Y11) 
Z16=SQRT(Y1+Y2+Y12+Y4) 
Z17=SQRT(Y1+Y7+Y12+Y8) 
Z18=SQRT(Y1+Y2+Y12+Y9) 
Z19=SQRT(Y1+Y1O+Y12+Y11) 
Z20=SQRT(Y1+Y2+Y13+Y4) 
Z21=SQRT(Y1+Y2+Y14+Y4) 
Z22=SQRT(Y1+Y2+Y15+Y4) 
Z23=SQRT(Y1+Y7+Y13+Y8) 
Z24=SQRT(Y1+Y7+Y14+Y8) 
Z25=SQRT(Y1+Y7+Y15+Y8) 
Z26=SQRT(Y1+Y2+Y13+Y9) 
Z27=SQRT(Y1+Y2+Y14+Y9) 
Z28=SQRT(Y1+Y2+Y15+Y9) 
Z29=SQRT(Y1+Y10+Y13+Y11) 
Z30=SQRT(Y1+Y1O+Y14+Y11) 
Z31=SQRT(Y1+Y1O+Y15+Y11) 
Z32=SQRT(Y1+Y2+Y16+Y4) 
Z33=SQRT(Y1+Y7+Y16+Y8) 
Z34=SQRT(Y1+Y2+Y16+Y9) 
Z35=SQRT(Y1+Y10+Y16+Y11) 
P1=(1-((X1+x2+X3)/(SIG1*Z4)))/64.0 
P2=(1-((X1+X4+X3)/(SIG1*Z5)))/64.0 
P3=(1-((X1+X5+X3)/(SIG1*Z6)))/64.0 
P4=(1-((X6+X2+X7)/(SIG1*Z7)))/64.0 
P5=(1-((X6+X4+X7)/(SIG1*Z8)))/64.0 
P6=(1-((X6+X5+X7)/(SIG1*Z9)))/64.0 
P7=(1-((X1+X2+X8)/(SIG1*Z10)))/64.0 
P8=(1-((X1+X4+X8)/(SIG1*Z11)))/64.0 
P9=(1-((X1+X5+X8)/(SIG1*Z12)))/64.0 
P10=(1-((X9+X2+X10)/(SIG1*Z13)))/64.0 
P11=(1-((X9+X4+X10)/(SIG1*Z14)))/64.0 
P12=(1-((X9+X5+X10)/(SIG1*Z15)))/64.0 
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P13=(1-((xl+x11+x3)/(SIG1*z16)))/64.0 
P14=(1-((x6+x11+x7)/(SIG1*217)))/64.0 
P15=(1-((xl+x11+x8)/(SIG1*z18)))/64.0 
p16=(1-((x9+X11+x10)/(SIG1*Z19)))/64.0 
p17=(1-((x1+x12+x3)/(SIG1*220)))/64.0 
P18=(1-((x1+x13+x3)/(SIG1*Z21)))/64.0 
P19=(1-((x1+x14+x3)/(SIG1*Z22)))/64.0 
P20=(1-((x6+x12+x7)/(SIG1*223)))/64.0 
P21=(1-((x6+x13+x7)/(SIG1*Z24)))/64.0 
P22=(1-((X6+x14+x7)/(SIG1*225)))/64.0 
p23=(1-((x1+x12+x8)/(SIG1*z26)))/64.0 
P24=(1-((X1+x13+x8)/(SIG1*Z27)))/64.0 
P25=(1-((x1+x14+X8)/(SIG1*228)))/64.0 
P26-(1-((x9+x12+x10)/(SIG1*Z29)))/64.0 
P27=(1-((x9+x13+x10)/(SIG1*230)))/64.0 
P28=(1-((X9+X14+x10)/(SIG1*Z31)))/64.0 
P29=(1-((x1+x15+x3)/(SIG1*Z32)))/64.0 
P30=(1-((x6+x15+x7)/(SIG1*z33)))/64.0 
P31=(1-((X1+x15+x8)/(SIG1*234)))/64.0 
P32=(1-((x9+x15+x10)/(SIG1*235)))/64.0 
PE=p1+P2+P3+p4+P5+p6+p7+p8+P9+P1O+Pll+p12+p13+p14+p15+p16+PE 
PE1=p17+P18+P19+1,20+P21+P22+P23+p24+P25+p26+P27+P28+p29+ 
1 p30+P31+p32+PE1 
TC=TC+(T/100.0) 
IF(TC.LT.0.00004) GO TO 15 
PE2=(PE1+PE)/100.0 
LPL=ALOG10(PE2) 
RETURN 
END 

REAL FUNCTION F(X) 
REAL x,vA,pi,130 
INTRINSIC ExP,SQRT 
vA=0.69314718 
PI=3.1415927 
BO=6250 
F=sQRT((2*PI)/VA)*B0*ExP(-(2*PI*PI*130*B0*X*X)/vA) 
RETURN 
END 
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THIS SUBROUTINE CALCULATES THE PROBABILITY OF ERROR 
OF GMSK WITH ONE-BIT DIFFERENTIAL DETECTION IN A 
FREQUENCY-SELECTIVE FAST RAYLEIGH FADING CHANNEL. 
SUBROUTINE DD(PI,FDM,T,D,ZPT,BO,W,X,A,PETA,FDT,DE,LPD) 
DECLARATION OF VARIABLES 
DIMENSION DE(256,8) 
REAL PI,FDM,T,D,ZPT,BO,W,X,A,PETA,DE,LPD,X1,X2 
REAL TC,L1,U1,ERRABS,ERRREL,ERREST,L2,U2,L3,U3 
REAL L4,U4,L5,U5,L6,U6,PS1,PS2,PD1,PD2,PC1,PC2 
REAL FD,PR1,PR2,PRD1,PRD2,PRC1,PRC2,TE,TD,TI,C1 
REAL C2,C3,S1,S2,S3,S4,S5,P1,P2,P3,P4,P5,P6,P7 
REAL P8,P9,P10,P11,P12,P13,P14,P15,P16,P17,P18 
REAL P19,P20,P21,P22,P23,P24,ZP1,PE 
INTEGER IRULE A1,AM1,A2,AM2,B1,BM1,B2,BM2 
INTRINSIC ALOG10,EXP,SQRT 
EXTERNAL G 
CALCULATION OF IMPULSE RESPONSE OF THE GAUSSIAN LOW PASS 
FILTER. THE FUNCTION QDAG IS FROM IMSL LIBRARY AND THIS 
FUNCTION EVALUATES THE INTEGRAL. THE FUNCTION TO BE INTEGRATED 
IS DEFINED IN G. 
TC= 0.0 
L1=-(3.0*T/2.0) 
U1=-T/2.0 
ERRABS=0.0 
ERRREL=0.001 
IRULE=6 
CALL QDAG(G,L1,U1,ERRABS,ERRREL,IRULE,PS1,ERREST) 
L2=-(5.0*T/2.0) 
U2=-(3.0*T/2.0) 
CALL QDAG(G,L2,U2,ERRABS,ERRREL,IRULE,PS2,ERREST) 
L3=-(3.0*T/2.0)+D 
U3=-(T/2.0)+D 
CALL QDAG(G,L3,U3,ERRABS,ERRREL,IRULE,PD1,ERREST) 
L4=-(5.0*T/2.0)+D 
U4=-(3.0*T/2.0)+D 
CALL QDAG(G,L4,U4,ERRABS,ERRREL,IRULE,PD2,ERREST) 

40 L5=-(3.0*T/2.0)+TC 
U5=-(T/2.0)+TC 
CALL QDAG(G,L5,U5,ERRABS,ERRREL,IRULE,PCLERREST) 
L6=-(5.0*T/2.0)+TC 
U6=-(3.0*T/2.0)+TC 
CALL QDAG(G,L6,U6,ERRABS,ERRREL,IRULE,PC2,ERREST) 
CALCULATION OF PROBABILITY OF ERROR AS PER THE FORMULA 
DERIVED IN CHAPTER 6 OF THESIS. 
IF(FDT.EQ.0)THEN 
X1=2*PI*FDM*T 
ELSE 
X1=2*PI*FDT 
ENDIF 
X2=BSJO(X1) 
FD=0.38635243 
PR1=PS1*(PI*2.0*FD) 
PR2=PS2*(PI*2.0*FD) 
PRD1=PD1*(PI*2.0*FD) 
PRD2=PD2*(PI*2.0*FD) 
PRC1=PC1*(PI*2.0*FD) 
PRC2=PC2*(PI*2.0*FD) 
ZPT=0.0 
DO 50 I = 1,256 
IF(DE(I,1).EQ.0) THEN 
A1=-1 
ELSE 
A1=1 
ENDIF 
IF(DE(I,2).EQ.0) THEN 
AM1=-1 
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ELSE 
AM1=1 
ENDIF 
IF(DE(I,3).EQ.0) THEN 
A2=-1 
ELSE 
A2=1 
ENDIF 
IF(DE(I,4).EQ.0) THEN 
AM2=-1 
ELSE 
AM2=1 
ENDIF 
IF(DE(I,5).EQ.0) THEN 
B1=-1 
ELSE 
B1=1 
ENDIF 
IF(DE(I,6).EQ.0) THEN 
BM1=-1 
ELSE 
ami=1 
ENDIF 
IF(DE(I,7).EQ.0) THEN 
B2=-1 
ELSE 
B2=1 
ENDIF 
IF(DE(I,8).EQ.0) THEN 
BM2=-1 
ELSE 
BM2=1 
ENDIF 
TE=((A1+AM1)*PR1)+((A2+AM2)*PR2) 
TD=((Al+AM1)*PRD1)+((A2+AM2)*PRD2) 
TI=((B1+BM1)*PRC1)+((B2+BM2)*PRC2) 
C1=COS(TE) 
C2=COS(TD) 
C3=COS (TI) 
S1=SIN(TE) 
S2=SIN (TD) 
S3=SIN(TI) 
S4=0.69314718 
S5=EXP(-((PI*B0*T)**2)/S4) 
P1=(1.0*X2*C1)+(X*X2*C2)+(W*X2*C3) 
IF(A..EQ.0)THEN 
P2=(1.0*X2*S1)+(X*X2*S2)+(W*X2*S3) 
ELSE 
P2=((1.0*X2*S1)+(X*X2*S2)+(W*X2*S3)+((1.0/A)*S5)) 
ENDIF 
P3=P2*P2 
IF(A.EQ.0)THEN 
P4=((W+X+1)**2)-P3 
ELSE 
P4=(((1.0/A)+W+X+1)**2)-P3 
ENDIF 
PS=SQRT(P4) 
P6=P1/P5 
P7=(1.0*X2*C1)+(X*X2*C2)-(W*X2*C3) 
IF(A.EQ.0)THEN 
P8=(1.0*X2*S1)+(X*X2*S2)-(W*X2*S3) 
ELSE 
P8=((1.0*X2*S1)+(X*X2*S2)-(W*X2*S3)-((1.0/A)*S5)) 
ENDIF 
P9=P8*P8 
IF(A.EQ.0)THEN 
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P10=((W+X-,---)**2)-P9 
ELSE 
P10=(((1.C'A)+W+X+1)**2)-P9 
ENDIF 
P11=SQRT(P10) 
P12=P7/P11 
P13=(1.0*X2*C1)+(X*X2*C2)-(W*X2*C3) 
IF(A.EQ.0)THEN 
P14=(1.0*X2*S1)+(X*X2*S2)-(W*X2*S3) 
ELSE 
P14=((1.0*X2*S1)+(X*X2*S2)-(W*X2*S3)+((1.0/A)*S5)) 
ENDIF 
P15=P14*P14 
IF
P16=((W+X+1)**2)-P15 
ELSE 
P16=(((1.0/A)+W+X+1)**2)-P15 
ENDIF 
P17=SQRT (P16) 
P18=P13/P17 

P19=(1.0*X2*C1)+(X*X2*C2)+(W*X2*C3) 
IF
P20=(1.0*X2*S1)+(X*X2*S2)+(W*X2*S3) 
ELSE 
P20=((1.0*X2*S1)+(X*X2*S2)+(W*X2*S3)-((1.0/A)*S5)) 
ENDIF 
P21=P20*P20 
IF(A.EQ.0)THEN 
P22=((W+X+1)**2)-P21 
ELSE 
P22=(((1.0/A)+W+X+1)**2)-P21 
ENDIF 
P23=SQRT(P22) 
P24=P19/P23 
ZP1=(1.0/2.0)-((1.0/8.0)*(P6+P12+P18+P24)) 
ZPT=ZP1+ZPT 

50 CONTINUE 
PETA=ZPT/256.0+PETA 
TC=TC+(T/100.0) 
IF(TC.LT.T) GO TO 40 
PE=PETA/100 
LPD=ALOG10(PE) 
RETURN 
END 

* 
* 

REAL FUNCTION G(X) 
REAL X,VA,BO,PI 
INTRINSIC EXP,SQRT 
VA=0.69314718 
PI=22/7 
B0=6250 
G=SQRT((2*PI)/VA)*B0*EXP(-(2*PI*PI*B0*B0*X*X)/VA) 
RETURN 
END 
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