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COMPLEX WAVEFORM GENERATION UTILIZING FIELD
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Calvin L. James
AlliedSignal Aerospace Inc.

One Bendix Road
Columbia, Maryland 21045-1897

ABSTRACT

The basic building blocks for implementing complex waveform generators using a look-up
table approach are random access memory (RAM) and read only memory (ROM) devices.
Due to technological advancements in field programmable gate array (FPGA)
development, these devices have the ability to allocate large amounts of memory elements
within the same structure. The self containment property makes the FPGA a suitable
topology for complex waveform generation applications. In addition, this self containment
property significantly reduces implementation costs by reducing the number of external
components required to support many applications. This paper examines the use of
FPGA’s in various complex waveform generation applications. In particular, a discussion
will ensue examining possible mappings of the time domain response of the complex
waveform into memory elements of the FPGA. The analyses and examples contained in
the sequel are from existing waveform generation applications, developed for Gauissian
Minimum Shift Keying (GMSK) and Unbalanced Quadriphase Shift Keying (UQPSK)
modulation formats.
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INTRODUCTION

Simple sine or cosine waveform generators, like that found in Direct Digital Synthesis
(DDS) designs, utilize a read-only memory (ROM) as a look-up table for the development
of the sinusoidal waveform. The sinusoid phases are presented to the address space of a
ROM which associates or maps an output waveform value with each phase input. The rate
at which the phase changes at the input to the ROM is controlled by a programmable
frequency generator. The output of the ROM is presented to a digital-to-analog converter
(DAC) for subsequent analog waveform generation. Since the output waveform contains



discrete amplitude steps as a result of the aforementioned process, a low-pass filter is
added to the DAC output to remove the unwanted harmonic energy. The cut-off frequency
of the filter will depend on the sample clock rate and the rate of any modulation which
modifies the sinusoid signal spectrum.

The programmable frequency generator which presents the sinusoid phase at the input
address space of the ROM look-up table is composed of an adder configured to
mathematically divide the sample clock frequency. The average frequency of the “carry
out” signal of the adder is equal to

        f
kf

avg
clk
N=

2
. (1)

Here k represents the value that produces the desired average output frequency favg, fclk

represents the sample clock rate, and N is the number of stages in the adder [1].

Figure 1 Functional Complex Waveform Direct Digital Synthesizer

FSK AND PSK MODULATION

Most commercially available DDS’s can generate both PSK and FSK modulated signal
formats. One way to accomplish PSK signaling is to modify the look-up table ROM by
incorporating two sinusoids, each one cycle in length, and one sinusoid the complement
(180 degrees phase difference) of the other. Since each sinusoid will have the same
number of sample points, the most-significant bit (MSB) of the ROM look-up table

Frequency Number k
Memory

Phase
Accumulator

Data Latch

Waveform
Look-Up Table

Memory

Digital-to-
Analog

Converter

Low-
Pass
Filter

Frequency Data
Keying Interface

Phase Data
Keying Interface

Output
Waveform

Frequency Synthesizer

Note: The shaded area is contained within a
           single FPGA device.



address space will select the true or complement waveform. Thus the modulating sequence
will address the MSB of the ROM look-up table to select the proper carrier phase. The
rate at which the lower order bits of the address space of the ROM are “cycled”
determines the frequency of the carrier or sinusoid (See Figure 1).

Generating an FSK modulated waveform requires changing the value of the frequency
number k to correspond to the desired “one-zero” data frequency. Commercially available
DDS’s require the new data frequency be loaded in real-time, thus the need for a real-time
or emulating processor interface. FSK designs using FPGA’s, can store the different
frequency numbers (k) in ROM, RAM, or holding registers that can be addressed
(selected) by the binary modulating data sequence (See Figure 1).

The balanced QPSK waveform generation is available with current DDS technology, while
the unbalanced waveform generation requires a much more complex ROM look-up table
design. In the following paragraph a look-up table development procedure is outlined for
an unbalanced QPSK waveform generation design. The first step in this procedure is to
program a ROM look-up table with one cycle of all possible combinations of the following
composite waveform expression,
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Here A and B are the amplitudes of the in-phase and quadrature components of the
waveform. Note that the A and B components have constant magnitudes, however, the
components vary in sign corresponding to their modulating source sequences. Here m is
the phase index and 2M is the number of values (phases) in each cycle of the composite
waveform. All possible combinations of the above expression are the results of the signs of
the amplitude components A and B.

Since each cycle of this composite waveform has 2M states, and there are 22 possible
combinations of the “signs,” the two MSB’s of the look-up table ROM’s address space

Sign(A) Sign(B)
0 - -
1 - +
2 + -
3 + +

Table 1 QPSK A and B Modulation
Components



can be utilized as the independent binary modulator source inputs. In UQPSK the value
assigned to the magnitude A and B is a function of the ratio of the data rates [2]. To
provide a constant composite output power, regardless of the data rate ratio, the voltage
levels should be determined by utilizing the following expression
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Note, for balanced operation the power in the I channel is equal to that of the Q (I=Q).

SPECTRIAL EFFICIENT WAVEFORM GENERATION

Another complex waveform application which was implemented in an FPGA was the
GMSK modulation format. However, before discussing the GMSK implementation, it will
be helpful to review the preliminaries about the generation of an MSK waveform [3]. The
mathematical expression for an MSK waveform has the form
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Where f0 is the carrier frequency, b =1/T is the bit rate and mi=±1 is the ith symbol of the
modulating binary data sequence. Here it can be seen that the phase of the carrier f0

changes ±π/2 radians each bit time. To generate an MSK waveform, we simply utilize the
implementation model for an FSK design with the “one-zero” frequencies being equal to
f0+b/4 and f0-b/4 respectively.

When a baseband rectangular pulse sequence is passed through a low-pass filter and the
filter’s output is used to modulate a MSK generator, the output spectral components will
be reduced as a function of the low-pass filter bandwidth. In fact when a gaussian filter is
used, a spectrally efficient modulation format is produced known as GMSK [4]. The
gaussian pre-filter has an impulse response of the form
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where B represents the low-pass pre-filter bandwidth. To form the rectangular pulse
response of the gaussian filter, the rectangular pulse, p(t), is convolved with the gaussian
filter’s impulse response g(t).



Figure 2 Functional GMSK Modulator

Figure 3 Gaussian Filter Pulse Response (BT=.5)

Thus the rectangular pulse response s(t) of the gaussian pre-filter has the form
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Again B is defined as the pre-filter 3db bandwidth, and T, the bit duration. For this
application, the BT product has been assigned the value 0.5 and the number of samples per
bit is equal to 8. From Figure 3 it can be seen that the intersymbol interference is confined
to 3 bit times (24 samples).
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In order to implement the GMSK design using an FPGA, the baseband data sequence
needs to be mapped into a sequence of frequency numbers which transitions from one
frequency to the next, in accordance with the pre-determined rectangular pulse response of
the filter. The sequence of frequency numbers kj is determined by separating the
rectangular pulse response into three regions, each containing J samples. Note, in this
FPGA GMSK implementation J=8. Label the three regions “next,” R1, “current,” R0, and
“past,” R-1. Each of the J elements in each region is multiplied by its corresponding data
symbol value mi=±1, and summed with the corresponding elements in the other regions.
Using Figure 3, the “next” region is defined by samples contained in the range 0-7. The
“current” region is defined by samples contained in the range 8-15, and the “past” region
corresponds to samples contained in the range 16-23. By specifying that the relationship
between the element’s sample index is modulo J, the corresponding elements in each
region that are to be added are identified. This process is shown between the small
brackets in equation (7). Since the percent full scale values of the gaussian pulse response
are known, equations (1) and (4) are used to develop the sequence of frequency numbers
kj . Note, by substituting the desired output frequency response value (the expression
between the large brackets in equation (7)) for favg in expression (1), the frequency number
sequence kj, can be evaluated.
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Every symbol time a new grouping of data symbols is defined simply by replacing the
symbol “next” with a new symbol, replacing the “current” symbol with “next”, and
replacing the “past” symbol with “current”. Implementing a “non-direct” solution of
equation (7) will reduce hardware complexity and the required resources. The “non-direct”
solution is realized by loading the FPGA ROM elements with the associated sequence of
frequency numbers kj, generated by all possible symbol values (mi-1, mi, mi+1). For the
above GMSK implementation, a 6 bit wide ROM address space is required. The 3 MSB’s
of the address space will permit the association of the data symbol values with a J=8
sequence of transitioning frequencies. The remaining 3 bits will increment sequentially to
address (select) each of the transitioning frequencies, thus emulating the gaussian pulse
response in the frequency domain. Waveform applications which use frequency
modification as their modulating format, as in the above example, would use a pulse
response structure like that shown in Figure 4 to replace the “Frequency Number Memory”
shown in Figure 1. The structures of Figure 1 and 4 are implemented within the same
FPGA which reduces the external component count, and minimizes propagation delays
resulting from limited routing resources.



Figure 4 Pulse Response Structure For Frequency Modulation Formats

CONCLUSIONS

Advances in DDS technology have contributed to the simplicity and the precision of
waveform generation. The simplicity and precision are a result of the elimination of the
complex analog waveform shaping filter, and the mapping of the time domain filter
response for better predictability. Additionally, FPGA development has permitted the
designs of more complex waveform generators within a single device. These designs are
made possible due to the ability of the FPGA to allocate large amounts of RAM memory
resources within the same device. Significant reduction in propagation time between
elements within the FPGA has permitted the use of this technology in the data
communication environment, where speed is a dominant factor. The programmability of
these devices makes them attractive from the standpoint of being capable of supporting
many different applications with a single printed circuit board design.

This paper addressed the development of a complex sinusoidal look-up table waveform
and signal shaping using a pre-stored time domain filter pulse response. As the FPGA
routing resource propagation times are reduced along with increased package densities,
these devices will be capable of supporting waveform generation designs of increased
complexity and greater precision.
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