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Introduction

Baseband transmission is conducted at low frequencies.

Passband transmission happens in a frequency band toward
the high end of the spectrum.

Satellite communication is in the 6–8 GHz band, while mobile
phones systems are in the 800 MHz–2.0 GHz band.

Bits are encoded as a variation of the amplitude, phase or
frequency, or some combination of these parameters of a
sinusoidal carrier.

The carrier frequency is much higher than the highest
frequency of the modulating signals (or messages).

Shall consider binary amplitude-shift keying (BASK), binary
phase-shift keying (BPSK) and binary frequency-shift keying

(BFSK): Error performance, optimum receivers, spectra.

Extensions to quadrature phase-shift keying (QPSK), offset
QPSK (OQPSK) and minimum shift keying (MSK).
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Examples of Binary Passband Modulated Signals
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Binary Amplitude-Shift Keying (BASK)
{

s1(t) = 0, “0T ”
s2(t) = V cos(2πfct), “1T ”

, 0 < t ≤ Tb, fc = n/Tb
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PSD of BASK

SBASK(f) =
V 2

16

[

δ(f − fc) + δ(f + fc) +

sin2[πTb(f + fc)]

π2Tb(f + fc)2
+

sin2[πTb(f − fc)]

π2Tb(f − fc)2

]
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Approximately 95% of the total transmitted power lies in a band of
3/Tb (Hz), centered at fc.
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Binary Phase-Shift Keying (BPSK)

{

s1(t) = −V cos(2πfct), if “0T ”
s2(t) = +V cos(2πfct), if “1T ”

, 0 < t ≤ Tb,

0)(1 ts )(2 ts
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SBPSK(f) =
V 2

4

[

sin2[π(f − fc)Tb]

π2(f − fc)2)Tb
+

sin2[π(f + fc)Tb]

π2(f + fc)2Tb

]

.

Similar to that of BASK, but no impulse functions at ±fc.
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Binary Frequency-Shift Keying (BFSK)�	
������ � �� ���	
������ � �� �� ������ )(ts��
{

s1(t) = V cos(2πf1t + θ1), if “0T ”
s2(t) = V cos(2πf2t + θ2), if “1T ”

, 0 < t ≤ Tb.

(i) Minimum frequency separation for coherent orthogonality (θ1 = θ2):

(∆f)
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min =

1

2Tb

.

(ii) Minimum frequency separation for noncoherent orthogonality
(θ1 6= θ2):
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min =

1

Tb

.
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φ1(t) =
s1(t)√
EBFSK

, φ2(t) =
s2(t)√
EBFSK

.
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PSD of BFSK

SBFSK(f) =
V 2

16

[

δ(f − f2) + δ(f + f2) +
sin2[πTb(f + f2)]

π2Tb(f + f2)2
+

sin2[πTb(f − f2)]

π2Tb(f − f2)2

]

+
V 2

16

[

δ(f − f1) + δ(f + f1) +
sin2[πTb(f + f1)]
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Performance Comparison of BASK, BPSK and BFSK
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Quadrature Phase Shift Keying (QPSK)

Basic idea behind QPSK: cos(2πfct) and sin(2πfct) are orthogonal
over [0, Tb] when fc = k/Tb, k integer ⇒ Can transmit two different
bits over the same frequency band at the same time.

The symbol signaling rate (i.e., the baud rate) is
rs = 1/Ts = 1/(2Tb) = rb/2 (symbols/sec), i.e., halved.

Bit Pattern Message Signal Transmitted

00 m1 s1(t) = V cos(2πfct), 0 ≤ t ≤ Ts = 2Tb

01 m2 s2(t) = V sin(2πfct), 0 ≤ t ≤ Ts = 2Tb

11 m3 s3(t) = −V cos(2πfct), 0 ≤ t ≤ Ts = 2Tb

10 m4 s4(t) = −V sin(2πfct), 0 ≤ t ≤ Ts = 2Tb

0
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2 01m =
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Signal Space Representation of QPSK
∫ Ts

0

s2
i (t)dt =

V 2

2
Ts = V 2Tb = Es,

φ1(t) =
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Optimum Receiver for QPSK
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Choose si(t) if Pif(~r|si(t)) > Pjf(~r|sj(t)), j = 1, 2, 3, 4; j 6= i.
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Simplified Decision Rule and Receiver Implementation

Choose si(t) if
N0
2 ln Pi + r1si1 + r2si2 > N0

2 ln Pj + r1sj1 + r2sj2
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Minimum-Distance Receiver

Choose si(t) if (r1 − si1)
2 + (r2 − si2)

2 is the smallest���� ! "#$%&
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Symbol (Message) Error Probability of QPSK:;<<=> ?@ABC
:;<<=> ?DACBEFGGHIJKLMM NOPPQRSTUVV1r0
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Bit Error Probability of QPSKWXYYZ[ \]^_`
WXYYZ[ \a^ _̀bcddefghijj klmmnopqrss1r0
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P [bit error] = 0.5P [m2|m1] + 0.5P [m4|m1] + 1.0P [m3|m1]

= Q

(

√
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N0

)

.

Gray mapping: Nearest neighbors are mapped to the bit pairs that differ

in only one bit.
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An Alternative Representation of QPSK
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Signal Space Representation of QPSK
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Receiver Implementation of QPSK
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Offset Quadrature Phase Shift Keying (OQPSK)

In OQPSK the aI(t) and aQ(t) bit streams are offset by one bit
interval Tb.

0

1

0 bT bT2 bT3 bT4 bT5 bT6 bT7 bT8 bT9

1 0 00 01 110sequenceBit 

t( )a t

1−

0a 1a 2a 3a 4a 5a 6a 7a1−a

0

1

0 bT bT2 bT3 bT4 bT5 bT6 bT7 bT8 bT9
t)(ta I

1−

0a 2a 4a 6a

1−a

0

1

0 bT bT2 bT3 bT4 bT5 bT6 bT7 bT8 bT9
t)(taQ

1−

1a 3a 5a 7a

A First Course in Digital Communications 22/30



Chapter 7: Basic Digital Passband Modulation

Example of an OQPSK Signal
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Minimum Shift Keying (MSK)

Both QPSK and OQPSK signals have sudden jumps.

MSK eliminates the jumps altogether by applying weighting
functions to the carriers V cos(2πfct) and V sin(2πfct).
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Generation of an MSK Signal
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Block Diagram of MSK Receiver  ¡¢£¤¡¥¦§ ¨ ©2r
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, Eb = V 2Tb is the energy per bit.
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A Mathematical Description of MSK Signals
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An MSK signal is of either frequency f2 = fc + 1
4Tb

or f1 = fc − 1
4Tb

⇒
can be viewed as frequency-shift keying signal with continuous phase.
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Power Spectral Density

−3 −2 −1 0 1 2 3
−60

−50

−40

−30

−20

−10

0

(f−f
c
)/r

b
 (Hz/bit/s)

N
or

m
al

iz
ed

 P
ow

er
 S

pe
ct

ra
l D

en
si

st
y 

(d
B

)

BPSK      
QPSK/OQPSK
MSK       

SMSK(f) = K







[

cos[2π(f − fc)Tb]

4π2(f − fc)2 − π2/(4T 2

b
)

]2

+

[

cos[2π(f + fc)Tb]

4π2(f + fc)2 − π2/(4T 2

b
)

]2






.

A First Course in Digital Communications 28/30



Chapter 7: Basic Digital Passband Modulation

Modulation in 2G Cellular Wireless Systems

IEEE Communications Magazine •  September 1999128

Recent Advances inCellular Wireless Communications

0163-6804/99/$10.00 © 1999 IEEE

arconi’s innovative perception of the electromag-netic waves and the air interface in 1897 was thefirst milestone on the important road to shared use of theradio spectrum. But only after almost a century later didmobile wireless communication1 start to take off. Despite aseries of disappointing false starts, the communication worldin the late 1980s was rapidly becoming more mobile for amuch broader segment of communication users than everbefore. Historically, communication has been restricted pri-marily to voice traffic between two fixed locations rather thanbetween two people. With the advent of wireless technology, atransition from point-to-point communication toward person-to-person communication (i.e., independent of location) hasbegun. Testimony to this is the rapidly increasing penetrationof cordless and cellular phones, not just in North America butall across the world. In anticipation of the growing consumerdemands, the next generation of wireless systems endeavors toprovide person-to-person communication of both circuit and

packet multimedia data. Henceforth inthis article we shall place greateremphasis on the advances in mobilecellular communication and paging,which represents the fastest growingsegment of wireless technology.Initial AM mobile systems used forpublic safety in the United States sincethe 1930s were replaced with FM sys-tems after World War II. However, thewireless system configuration remaineda single-cell topology (similar to the broadcast model). Later,in the 1950s and 1960s, automatic channel trunking was intro-duced and implemented under the label Improved MobileTelephone Service (IMTS) to increase spectrum efficiency.The current cellular configuration was also conceived duringthis time in response to the chronic problem of spectral con-gestion (the market gets quickly saturated even with IMTSsystems) and poor service in the mobile telephone business.The government regulatory agencies could not make spectrumallocations in proportion to the increasing demand for mobileservices. Therefore, it became imperative to restructure theradio telephone system to achieve high capacity with limitedradio spectrum, while at the same time covering very largeareas. However, this novel architecture was only launched inthe 1980s when the first commercial mobile telephony wasintroduced.The first-generation cellular and cordless telephone net-works, which were based on analog technology with FM mod-ulation, have been successfullydeployed throughout the worldsince the early and mid-1980s. Atypical example of a first-generationcellular telephone system is theAdvanced Mobile Phone Services(AMPS). Second-generation (2G)wireless systems employ digitalmodulation and advanced call pro-cessing capabilities. In view of theprocessing complexity required forthese digital systems, two offeredadvantages are the possibility ofusing spectrally efficient radiotransmission schemes (e.g., time-division multiple access, TDMA, orcode division multiple access,CDMA, in comparison to the ana-log frequency division multiple

M. Zeng, A. Annamalai, and Vijay K. Bhargava, University of Victoria

M

Testimonies of “wireless catching up with wireline” have begun.An information superhighway system is envisioned to fulfill theplethora of demand for wireless communications and the need for multimedia networkswith multiservice requirements. The revolution in this technology will eventually free us, ascommunication users, from being tied down to a particular fixed location in a telephonenetwork to person-to-person communications, via pocket-sized terminals, at an affordableprice. This article briefly surveys the state of the art, standards, and technological growthexperienced in mobile cellular (terrestrial and satellite) communications since the days ofthe ingenious inventions of Alexander Graham Bell and Guglielmo Marconi, over a centuryago. Subsequently, we describe some emerging technological trends that can improve thecapacity of third-generation systems and future outlooks for PCSnetworks in the next mil-lennium.
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■ Table 1. Air interface characteristics of 2G systems.

Region Europe North America Japan North America
Frequency band 900/1800/1900 800/1900 700/1500 800/1900(MHz)
Multiple access F/TDMA F/TDMA F/TDMA F/CDMA
Carrier spacing 200 30 25 1250(kHz)
Modulation GMSK OQPSK OQPSK BPSK/QPSK
Speech coding VSELP (HR-5.6) VSELP (FR-7.95) PSI-CELP (HR-3.45) QCELP (8, 4, 2, 1)(kb/s) RPE-LTP (FR-13) ACELP (EFR-7.4) VSELP (FR-6.7) RCELP (EVRC)ACELP (EFR-12.2)
Frame size (ms) 4.6 40 20 20
Channel coding Rate 1/2 Rate 1/2 Rate 1/2 Rate 1/2 or 1/3(convolution code)
HR: half-rate codec; FR: full-rate codec; EFR: enhanced full-rate codec; EVRC: enhanced variablerate codecAn adaptive multitate (AMR) codec for GSM is currently being standardized by ETSI

GSM/DCS-1800 IS-54/136 PDC 1S-95

1 The line-of-sight (LOS) microwave linkis an example of fixed wireless access com-munication.
Editorial Liaison: Torleiv Maseng
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Table 6. Air interface specifications for third-generation CDMA-based proposals.

Multiple-access FDD: DS-CDMA FDD: DS-CDMA FDD: DS-CDMA FDD: DS-CDMA FDD: TDMA/CDMA DS-CDMA DS-CDMATDD: T/CDMA TDD: T/CDMA DS-CDMATDD: T/CDMA TDD: TDD: T/CDMADS-W-CDMA(FL)DS-S-TDMA (RL)Duplex scheme FDD/TDD FDD/TDD FDD/TDD W-CDMA FDD FDD/TDD TDD FDD FDDmode: FDDS-TDMA TDDmode: TDD
Chip rate (Mc/s) FDD: 4.096/ 1.2288xN Mcps FDD: 4.096/8.192/ 4.096/8.192/ 1.024/4 096/ 1.1136 1.024/4.096/ 0.9216/3.6864/8.192/16.384 (NX) 16.384 16.384 8.192/16 384 8.192/16.384 14.7456TDD: 4.096 TDD: 4.096
Frame length 10 ms 20/5 ms 10 ms 10 ms 10 ms 5 ms 10 ms 10 ms
Channel coding Convolutional Convolutional Convolutional Convolutional Convolutional Convolutional Convolutional Convolutionalcoding coding coding coding coding coding coding coding(rate 1/2, 1/3, (R=1/2, 1/3, 1/4, (rate 1/2, 1/3, (FL: R = 1/2, K = 7, (R = 1/2, 1/3, (R = 3/4, K = 9); (R = 1/2, 1/3, 1/4, R = 1/2, 1/3, 1/4,K = 9); K = 9); K = 9); RL: R = 1/3, K = 9) K = 9); optional outer 1/6, K = 9), select- 1/6);optional outer Turbo code of optional outer RS Turbo code of RS code; able FEC optional outerRS coding (rate R=1/2, 1/3, 1/4 coding (R= 4/5) R = 1/3 Turbo code of for low rate data; (47, 41) RS codeTBD) and K = 4 (pre- K = 3 (data K= 4, R= 1/2 Turbo code offerred for date transmission (preferred for data R= 1/3 and K = 3transmission over 32 kb/s) rate greater than for high rateover 14.4 kb/s 19.2 kb/s NRT data and packeton supplemental service) datachannel)
Interleaving Inter/intraframe Intraframe Inter/intraframe Block interleaving Multistage Interframe, Intraframe Intraframe(no details given) intra or inter-frame
Data modulation FDD: QPSK (FL) FDD: QPSK FDD: DQPSK, and QPSK (FL) FL: QPSKFL: QPSK, BPSK (RL) FL: QPSK, FL: QPSK, 16QAM for high BPSK (RL) RL: BPSKRL: Dual-channel- RL: Dual-channel RL: Dual-chan- data rateQPSK; QPSK; nel QPSKTDD: TDD: TDD: QPSKQPSK (RL&FL) QPSK (RL&FL)
Spreading FDD: QPSK FDD: QPSK QPSK BPSK FL: QPSK QPSK (FL)modulation BPSK (FL), BPSK (FL), RL: OCQPSK(RL)QPSK(RL); QPSK(RL); OCQPSK(CDTCTDD: TDD: H, ACCH)/QPSK (RL&FL) QPSK (RL&FL) CQPSK(UPCH)
Power control Fast closed loop, FDD: open loop FDD: fast closed Adaptive power FDD: RL: open loop RL: open loop RL: open loopopen loop, and and fast closed loop and outer control RL: closed loop,and closed loop; and closed loop; and closed loop;outer loop loop, FER based loop step size: open loop step size: 1 dB FL: closed loop; FL: closed loop;Step size: outer loop (RL) (RL&FL) 1 dB nominal FL: closed-loop power control FER based outer power controlFDD: 0.25–1.5 dB TDD: open loop Step size: Power control outer loop cycles: 200/s loop; cycles: 1600/sTDD: 1.5–3 dB step size: FDD: 0.25–1.5 dB cycles: 1600/s added step size: 1 dBpower control 1.0 dB nominal, TDD: 2 dB TDD: Power controlcycles: optional 0.5/2.5 Power control RL&FL: cycles: 1600/s1600/s (FDD) dB cycles: closed loop100–800/s (TDD) Power control 1600/s (FDD) step size 1 dBcycles: 100–800/s (TDD) power control800/s nominal cycles:FDD: 1600/sTDD: 800/s
Diversity RAKE in both RAKE in both RAKE in both BS RAKE in both BS RAKE, antenna a smart antenna RAKE, antenna RAKE, antennaBS and MS, BS and MS, and MS, antenna and MS, antenna diversity in BS with 8 elements diversity, time diversity at BS,antenna diversity antenna diversity diversity in BS and diversity in BS and optional in array at BS switched time switchedin both BS in BS and optionally in MS, MS transmission transmissionand MS, optionally MS, diversity for FL diversity for FLtransmit diversity delay transmit(TBD) diversity may beused for both MSand BS
Inter-BS syn- FDD: no accurate Synchronized FDD: no accurate Nonsynchronized FDD: no accu- Synchronized Asynchronous; Synchronouschronization synchronization synchronization rate synchron- synchronous mode; optionalneeded needed ization is operation is also asynchronousTDD: synchronous TDD: synchronous- needed. TDD: possible modesynchronous
Detection MS& BS: pilot Coherent detect- MS& BS: pilot Coherent detection MS&BS: pilot Coherent Coherent Coherentsymbol based ion. MS&BS symbol based symbol based detection detection. BS: detection. BS andcoherent detection pilot channel coherent coherent pilot symbol MS: pilot channelbased detection detection based. MS: pilot basedchannel based

Proposal UTRA cdma2000 WCDMA/NA WIMS W-CDMA W-CDMA TD-SCDMA CDMA II CDMA I
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