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Fundamental to all wireless communications is modulation, the process of impressing the data to be
transmitted on the radio carrier. Most wireless transmissions today are digital, and with the limited
spectrum available, the type of modulation is more critical than it has ever been.

The main goal of modulation today is to squeeze as much data into the least amount of spectrum possible.
That objective, known as spectral efficiency, measures how quickly data can be transmitted in an assigned
bandwidth. The unit of measurement is bits per second per Hz (b/s/Hz). Multiple techniques have emerged
to achieve and improve spectral efficiency.
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Amplitude Shift Keying (ASK) and Frequency Shift Keying (FSK)

There are three basic ways to modulate a sine wave radio carrier: modifying the amplitude, frequency, or
phase. More sophisticated methods combine two or more of these variations to improve spectral efficiency.
These basic modulation forms are still used today with digital signals.
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{a) ASK

(b} OOK

I

1. Three basic digital modulation formats are still very popular with low-data-rate short-range wireless applications: amplitude shift
keying (a), on-off keying (b), and frequency shift keying (c). These waveforms are coherent as the binary state change occurs at carrier

zero crossing points.

Figure 1 shows a basic serial digital signal of binary zeros and ones to be transmitted and the corresponding
AM and FM signals resulting from modulation. There are two types of AM signals: on-off keying (OOK) and
amplitude shift keying (ASK). In Figure 1a, the carrier amplitude is shifted between two amplitude levels to
produce ASK. In Figure 1b, the binary signal turns the carrier off and on to create OOK.

Related

Modern DSP Chips Serve Up Variations On A Theme

Cooling Techniques Attack MPU Processing Heat

Today’s Antennas Tune Into The Needs Of Modern Wireless Devices
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AM produces sidebands above and below the carrier equal to the highest frequency content of the
modulating signal. The bandwidth required is two times the highest frequency content including any
harmonics for binary pulse modulating signals.

Frequency shift keying (FSK) shifts the carrier between two different frequencies called the mark and space
freauencies. or f... and f.(Fia. 1¢). FM nroduces multinle sideband freauencies above and below the carrier
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and the modulation index, which is:
m = Af(T)
Af is the frequency deviation or shift between the mark and space frequencies, or:

Af = fg -,
T is the bit time interval of the data or the reciprocal of the data rate (1/bit/s).

Smaller values of m produce fewer sidebands. A popular version of FSK called minimum shift keying (MSK)
specifies m = 0.5. Smaller values are also used such as m = 0.3.

Here are two ways to further improve the spectral efficiency for both ASK and FSK. First, select data rates,
carrier frequencies, and shift frequencies so there are no discontinuities in the sine carrier when changing

from one binary state to another. These discontinuities produce glitches that increase the harmonic content
and the bandwidth.

The idea is to synchronize the stop and start times of the binary data with when the sine carrier is
transitioning in amplitude or frequency at the zero crossing points. This is called continuous phase or
coherent operation. Both coherent ASK/OOK and coherent FSK have fewer harmonics and a narrower
bandwidth than non-coherent signals.

A second technique is to filter the binary data prior to modulation. This rounds the signal off, lengthening
the rise and fall times and reducing the harmonic content. Special Gaussian and raised cosine low pass filters
are used for this purpose. GSM cell phones widely use a popular combination, Gaussian filtered MSK
(GMSK), which allows a data rate of 2770 kbits/s in a 200-kHz channel.

Binary Phase Shift Keying (BPSK) And Quadrature Phase Shift Keying (QPSK)

Avery popular digital modulation scheme, binary phase shift keying (BPSK), shifts the carrier sine wave
180° for each change in binary state (Fig. 2). BPSK is coherent as the phase transitions occur at the zero
crossing points. The proper demodulation of BPSK requires the signal to be compared to a sine carrier of
the same phase. This involves carrier recovery and other complex circuitry.

1 0 0 1 1] 1
Sarial |
binary
data

BPSK

Phase changes

2. In binary phase shift keying, note how a binary o is 0° while a binary 1 is 180°. The phase changes when the binary state switches so

the signal is coherent.
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the previous bit signal. BPSK is very spectrally efficient in that you can transmit at a data rate equal to the
bandwidth or 1 bit/Hz.

In a popular variation of BPSK, quadrature PSK (QPSK), the modulator produces two sine carriers 90°
apart. The binary data modulates each phase, producing four unique sine signals shifted by 45° from one
another. The two phases are added together to produce the final signal. Each unique pair of bits generates a
carrier with a different phase (Table 1).

TABLE 1: CARRIER PHASE

SHIFT FOR EACH PAIR OF
BITS REPRESENTED

00 45
01 135
11 225
10 315

Figure 3a illustrates QPSK with a phasor diagram where the phasor represents the carrier sine amplitude
peak and its position indicates the phase. A constellation diagram in Figure 3b shows the same information.
QPSK is very spectrally efficient since each carrier phase represents two bits of data. The spectral efficiency
is 2 bits/Hz, meaning twice the data rate can be achieved in the same bandwidth as BPSK.
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3. Modulation can be represented without time domain waveforms. For example, QPSK can be represented with a phasor diagram (a)

or a constellation diagram (b), both of which indicate phase and amplitude magnitudes.

Data Rate And Baud Rate
The maximum theoretical data rate or channel capacity (C) in bits/s is a function of the channel bandwidth
(B) channel in Hz and the signal-to-noise ratio (SNR):

C=Blog, (1+SNR)

This is called the Shannon-Hartley law. The maximum data rate is directly proportional to the bandwidth
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Another key factor is the baud rate, or the number of modulation symbols transmitted per second. The term
symbol in modulation refers to one specific state of a sine carrier signal. It can be an amplitude, a frequency,
a phase, or some combination of them. Basic binary transmission uses one bit per symbol.

In ASK, a binary o0 is one amplitude and a binary 1 is another amplitude. In FSK, a binary o is one carrier
frequency and a binary 1 is another frequency. BPSK uses a 0° shift for a binary o and a 180° shift for a
binary 1. In each of these cases there is one bit per symbol.

Data rate in bits/s is calculated as the reciprocal of the bit time (tp):
bits/s = 1/ty,

With one symbol per bit, the baud rate is the same as the bit rate. However, if you transmit more bits per
symbol, the baud rate is slower than the bit rate by a factor equal to the number of bits per symbol. For
example, if 2 bits per symbol are transmitted, the baud rate is the bit rate divided by 2. For instance, with
QPSK a 70 Mb/s data stream is transmitted at a baud rate of 35 symbols/second.

Multiple Phase Shift Keying (M-PSK)

QPSK produces two bits per symbol, making it very spectrally efficient. QPSK can be referred to as 4-PSK
because there are four amplitude-phase combinations. By using smaller phase shifts, more bits can be
transmitted per symbol. Some popular variations are 8-PSK and 16-PSK.

8-PSK uses eight symbols with constant carrier amplitude 45° shifts between them, enabling three bits to be
transmitted for each symbol. 16-PSK uses 22.5° shifts of constant amplitude carrier signals. This
arrangement results in a transmission of 4 bits per symbol.

While Multiple Phase Shift Keying (M-PSK) is much more spectrally efficient, the greater the number of
smaller phase shifts, the more difficult the signal is to demodulate in the presence of noise. The benefit of
M-PSK is that the constant carrier amplitude means that more efficient nonlinear power amplification can
be used.

Quadrature Amplitude Modulation (QAM)

The creation of symbols that are some combination of amplitude and phase can carry the concept of
transmitting more bits per symbol further. This method is called quadrature amplitude modulation (QAM).
For example, 8QAM uses four carrier phases plus two amplitude levels to transmit 3 bits per symbol. Other
popular variations are 16QAM, 64QAM, and 256QAM, which transmit 4, 6, and 8 bits per symbol

respectively (Fig. 4).
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