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ABSTRACT

As frequency allocation restrictions are tightening, and data rates are increasing, it is becoming
necessary to incorporate higher order modulation techniques to make more efficient use of available
spectrum. When used with Square Root Raised Cosine filtering, 8-ary Phase Shift Keyed
modulation is a spectrally efficient technique that makes better use of today’s RF spectrum in
comparison to standard formats. This paper will discuss 8-ary PSK modulation and its spectral
efficiency with a SRRC filter, along with comparisons to BPSK, QPSK, and FSK.

KEY WORDS

8-Ary PSK Modulation (8-PSK), Spectral Efficiency, Square Root Raised Cosine Filtering (SRRC)

INTRODUCTION

Presently, there is a trend of increasing data rates for telemetry systems due to the fact that next
generation applications are requiring higher data rates for increasingly complex platforms. This trend
is in direct conflict with the trend of decreasing availability of spectrum. These trends, both of which
are stacked against the telemetry designer, lend to the investigation and development of more
efficient modulation schemes. A modulation scheme that increases data throughput in a given
channel while at the same time providing a robust solution to the system designer is 8-Ary PSK. This
paper will quantify the theoretical spectral efficiency of 8-Ary PSK and then show the impacts that
Square Root Raised Cosine filtering has, along with comparisons to BPSK, QPSK, and FSK.

THEORETICAL SPECTRIAL EFFICIENCY OF 8-ARY PSK

When referring to any communication system one will inevitably mention spectral bandwidth.
However, there is not a universal definition of bandwidth available to keep everyone on the same
page. Some of the many definitions of BW in use include 3 dB BW, 99% power BW, and 60 dB
BW, etc. Therefore, for the following discussions presented, we will assume Nyquist (ideal



rectangular) filtering at baseband. Consequently, the minimum double-sideband (DSB) bandwidth
for PSK systems at an intermediate frequency (IF) is

WPSK = 1/Ts (Hz), (1)

where Ts is the symbol duration. And the minimum double-sided bandwidth for FSK systems at an
intermediate frequency (IF) is

WFSK =M/Ts (Hz), (2)

where M is the symbol set size.

A symbol is formed by combining a group of k bits into a new digit. This digit has a symbol set size
defined as

M=2k. (3)

A symbol set size of M refers to an M-Ary alphabet or system. Accordingly, specific symbol set
sizes have dedicated names. For example, a symbol set size of M = 2 (2-Ary) is referred to as a
binary system and likewise, a symbol set size of M = 4 (4-Ary) is referred to as a quaternary system.
Given the fact that one of M symbols is transmitted every Ts seconds, the data rate in bits/sec can be
expressed as

R = k/Ts = (log2 M)/Ts  (bits/sec). (4)

In digital systems, it is often useful to describe spectral efficiency as a given amount of data bits
transmitted per hertz. Therefore, if a digital transmission scheme transmits a given amount of data
bits, k, in Ts seconds occupying a specific bandwidth, WIF, then the system operates with a spectral
efficiency of

R/WIF = k/(WIFTs)  (bits/sec/Hz) [1]. (5)

Substituting equation (1) into equation (4), one can say that the theoretical spectral efficiency of M-
Ary PSK is

R/WPSK = log2 M.  (bits/sec/Hz). (6)

Hence, we can calculate that the theoretical spectral efficiency of 8-Ary PSK is 3 bits/sec/Hz. In
comparison we can also calculate the spectral efficiency of QPSK (4-Ary) as 2 bits/sec/Hz and
BPSK as 1 bit/sec/Hz. Keep in mind that these spectral efficiencies are only valid in an ideal nyquist
rectangular filtered system.

To compare the spectral efficiency of 8-Ary PSK to other modulation formats, we can look at the
spectral efficiency of M-Ary FSK. To do this, equation (2) is now substituted in equation (5) to
express the spectral efficiency of M-Ary FSK as



R/WFSK = log2 M/(M).  (bits/sec/Hz). (7)

This equation gives a theoretical spectral efficiency of ½ bits/s/Hz for both binary FSK and
quaternary FSK. Notice that as the value of M increases for M-Ary PSK (eq. 6) the spectral
efficiency increases, but as the value of M continues to increases for M-Ary FSK (eq. 7), the spectral
efficiency decreases.

Figure 1.  Bandwidth Efficiency Plane   (© 1993 IEEE) [2]

Figure 1 shows the bandwidth efficiency plane. It is easy to see on this figure that as the value of M
increases for PSK the efficiency also increases, but also at the cost of required signal to noise ratio.
The opposite is observed for FSK systems. However, in FSK systems spectral efficiency is traded
for less required signal to noise ratio. When the telemetry designer is faced with a new design he/she
has to make trades. Thus, with the limitations facing the telemetry designer today (limited bandwidth
and higher data rates), it is easy to see that a high alphabet PSK system must be considered. This
trade is commonly referred to as the power-bandwidth trade. In other words, in bandwidth limited



systems, spectrally efficient modulation can be used at the expense of power and in power limited
systems, power efficient modulation can be used at the expense of bandwidth. [2]

EFFECTS OF SRRC FILTERING ON SPECTRAL EFFICIENCY OF 8-ARY PSK

For the previous discussion, all equations, calculations, and conclusions are based on the assumption
that Nyquist (ideal rectangular) filtering at baseband is used. However, ideal rectangular filters are
not realizable. If any filtering at baseband is done, some excess bandwidth has to be factored in
when calculating the spectral efficiency of any system.

A common band limiting filter used in wireless communication systems is the Square Root Raised
Cosine filter. This filter, when paired with another SRRC filter at the receiver, results in a Raised
Cosine Channel response. This channel when given additional phase and amplitude compensation
will yield no intersymbol interference (ISI). For the limitations of this paper, we will assume that the
phase and amplitude compensation of the channel are implemented at the receive side, although
normally implemented on the transmitter. However, for the analysis of spectral efficiency, the
previous assumption will suffice. Thus, the transmitter will have a SRRC filtered spectrum.
Alternatively, SRRC filtering can be accomplished on bandpass modulation. In either case, however,
the filter allows for some excess bandwidth so that it is realizable in hardware.

The effects of the band limiting filtering can be observed from equation (5). As the occupied
bandwidth, WIF , increases, the spectral efficiency decreases. This holds true for all modulation
techniques.

SRRC filtering is given by the following frequency domain transfer function

(8)

The term α, called the roll-off factor, describes the amount of excess bandwidth the filter allows. As
the value of α approaches 0 (unrealizable), the frequency response of the filter approaches that of a
Nyquist (ideal rectangular) filter. Figure 2 shows the frequency response of a Square Root Raised
Cosine Filter with different roll-off factors.



Frequency Response of SRRC Filter
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Figure 2.  Frequency Response of SRRC Filter with varying α

Figure 2 is normalized to the minimum Nyquist bandwidth, Rs/2. One can see that as the roll off
factor increases, the amount of excess bandwidth also increases. This excess bandwidth must be
factored into the spectral efficiency equation to obtain adjusted results.

Using equation (5) results in M-Ary PSK with SRRC filtering having a spectral efficiency of

R/WPSK-SRRC = k/((1+2*α)WIFTs)  (bits/sec/Hz). (9)

Since WIF is a double sided bandwidth, we must also adjust the baseband excess bandwidth factor,
α, by multiplying by a factor of two. From this equation, 8-Ary PSK then has spectral efficiency of
3/(1+2*α) bits/sec/Hz. In comparison, BPSK has an efficiency of 1/(1+2*α) bits/sec/Hz and QPSK
has an efficiency of 2/(1+2*α) bits/sec/Hz. For this discussion, we are not going to calculate the
spectral efficiency of M-Ary FSK with SRRC filtering, since this modulation technique would not
likely be selected for implementation in band limited systems.



8-ARY PSK SPECTRAL EFFICIENCY EXAMPLE

The CMC Electronics' X-Band Modulator is a high data rate 8-ary phase shift keyed transmitter
designed for use on spacecraft and satellites where a large amount of payload data is required to be
transmitted.  The unit employs a solid-state power amplifier design, capable of delivering 25 Watts
of nominal output power to an externally mounted SRRC filter.  This payload transmitter has the
capability to support data rates reaching 700 Mbps.  The post-modulation bandpass filter (SRRC)
assures containment of the 8-PSK spectrum.  This system currently utilizes a bandpass SRRC
(α=0.8) filter after power amplification to limit the transmitted bandwidth. An α equal to 0.8 yields
an approximate spectral efficiency of 3/(1+2*0.8) bits/sec/Hz or 1.1538 bits/second/Hz.

Additionally, CMC's 8-ary phase shift keyed modulator is simulated in a software package called
System View.  The SRRC filter that is used in the simulated transmitter has an α=0.35 and the input
data rate is 690 Mbps.  The SRRC filtered output of the transmitter is shown in the following figure.
Notice that the system's center frequency is scaled for easier simulation.

SystemView
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  Figure 3.  8-ary PSK SRRC (α=0.35) Filtered Output Spectrum



From this SRRC (equalized) output spectrum, the occupied bandwidth is calculated by subtracting
the high -60 dB point from the low -60 dB point.  Thus, the calculated spectral efficiency is

R/WPSK-SRRC = (690 Mbps)/(1.42382 GHz - 1.03277 GHz) (bits/sec/Hz). (10)

     = 1.7647 bits/sec/Hz.

Using the theoretical equation, the spectral efficiency is calculated as

R/WPSK-SRRC = 3/(1+2*α) = 1.7647 bits/sec/Hz. (11)

Thus, the spectral efficiency of SRRC filtered 8-ary PSK can be calculated for any value of α.

CONCLUSIONS

This paper presents 8-Ary PSK modulation as a viable spectrally efficient modulation solution for
the telemetry designer. Square Root Raised Cosine (α=0.8) bandpass filtering 8-Ary PSK
modulation yields an approximate spectral efficiency of 1.15 bits/sec/Hz. As briefly presented in
Figure 1, there is a power-bandwidth trade that the telemetry designer has to make along with many
other trades when considering SRRC filtering on 8-Ary PSK. It is recommended that the trades of
power vs. bandwidth, baseband vs. bandpass filtering, and various bandlimiting filtering types be
investigated for an 8-Ary PSK design.
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