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ABSTRACT

A simple, low cost radio frequency (RF) power and spectrally efficient integrated
transceiver/modem architecture employing Feher’s patented Quadrature Phase Shift
Keying (FQPSK) is described. The FQPSK signals presented in this paper are obtained
by using additional post low-pass filters in the FQPSK architecture. This implementation
significantly improves the spectral efficiency of the worldwide commercially
standardized Gaussian Minimum Shift Keying (GMSK) systems. The Bit Error Rate
(BER) performance of FQPSK in additive white Gaussian noise (AWGN) channel has
been investigated by means of computer simulation and hardware prototype
measurements. The results of the hardware and software simulations are compared to
GMSK and QPSK/OQPSK performance. These results show that the filtered FQPSK
modulated signal passing through a non-linear amplifier (NLA) can achieve a spectral
efficiency improvement of about 60% over NLA filtered OQPSK and an integrated
spectral efficiency improvement of 50% over GMSK and a better BER performance. In
particular, 100 kb/s to 34 Mb/s hardware experimental results over 2.4 GHz NLA
(saturated) 1 Watt system confirmed that FQPSK hardware systems attain a
BER=f(Eb/N0) performance within 1 dB to 2 dB of predicted theoretical results.
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INTRODUCTION

For power and spectrally efficient telemetry radio systems, a compact radio spectrum,
combined with a “robust”, i.e., good probability of error performance, is highly required.
Modulation techniques can improve the efficiency of the radio system significantly, with
impact on cost, size, power and spectral efficiency. To achieve high power efficiency, it
is desirable to have the output power amplifier operate in the saturation region (class-C).



In Eggertsen, et. al [1], and in Consultative Committee for Space Data Systems (CCSDS)
Submission [2], it has been demonstrated that the most efficient modulation-NLA radio is
the FQPSK technology [3], [4]. Numerous FQPSK implementations and products have
been described in references [1]-[7]. The FQPSK modem and transmitter/receiver
(transceiver) technology contain a family of products with various parameters and signal
waveforms. Significant commercial as well as government R & D led to the
specifications of FQPSK for the FIRST (Family of Interoperable Range System
Transceivers) -DoD’s Range Radio Data Link Standard -Draft Specifications [1] and to
the preferred recommended modulation format for numerous CCSDS applications [2]. In
the telemetry community this technology also generated a significant interest [7]. In this
paper, a filtered FQPSK architecture is presented to further reduce the side lobes of
FQPSK spectrum, in which filtered FQPSK baseband signals can be simply implemented
by using either a digital design of the look-up table or an analog design.

FQPSK MODULATION DESCRIPTION

A. Cross-Correlated FQPSK
A block diagram of a cross-correlated FQPSK is shown in Fig. 1. In the conventional
FQPSK (without cross-correlation), the present signal of the I channel (or Q channel) at
the output of the baseband signal processor depends only on the present and previous
input symbols of the I channel (or Q channel) [5]. Therefore, one segment of the
baseband signals in one symbol duration is generated based on two successive input
symbols. Fig. 2 illustrates an example of FQPSK baseband signals. The envelope
fluctuation of the FQPSK signals shown by dot line in Fig. 2 (b) is 3 dB. In order to
reduce the envelope fluctuation, a controlled amount of cross-correlation between I and Q
channels is introduced. The basic principle to introduce the cross-correlation between the
I and Q channels is that the present signal of the I channel (or Q channel) at the output of
the cross-correlator is dependent on not only the present and the previous input symbols
of the I channel but also that of the Q channel [6]. Therefore, the shape of one segment
baseband signal of the I channel (or Q channel) in one symbol duration is generated
according to four input symbols, or two successive symbols in the I channel and two
successive symbols in the Q channel. So the amplitude of the I channel is determined as
follows:

(1) When the Q channel signal with one half-symbol delay relative to the I channel is
zero, the I channel signal is its maximum amplitude of 1 (normalized) at the sampling
point.
(2) When the Q channel signal is non-zero, the amplitude values of the I channel is A

at the sampling point, where A = 1 2/ .



Figure 1. Block diagram of cross-correlated FQPSK

Figure 2. An example of FQPSK signals. (a). Baseband signals  (b). Space diagrams

      
                                            (a)                                                                       (b)
Figure 3. Eye diagrams of FQPSK. (a). Cross-correlated FQPSK. (b). Filtered FQPSK
using a fourth order Gaussian low-pass filter with BTb=0.4



The determination of the Q channel amplitude is the inverse of the above procedure. In
Fig. 2, the solid line represents the baseband signals of the cross-correlated FQPSK. It is
observed that the cross-correlation results in the reduction of an envelope fluctuation
from 3 dB (without cross-correlation) to approximately 0 dB, as well as introducing a
controlled amount of intersymbol interference (ISI). The constant envelope and small
amount of ISI can help the modulated signal to achieve a more compact spectrum at the
output of the non-linear amplifier as does GMSK. Generally speaking, for the non-
linearly amplified channels (for both FQPSK and GMSK architectures), a small amount
of ISI, intentionally introduced to the channel, leads to a constant envelope signal and
improvement in spectral efficiency.

B. Filtered FQPSK
To achieve a further improvement in spectral efficiency, a “post-filter” is connected in
the baseband signal processor of the FQPSK transmitter as shown in Fig. 1. A variety of
low-pass filters have been used to further reduce the side lobes of the FQPSK with only
slight distortion of the constant envelope of the FQPSK signals. As a result, the filtered
FQPSK signal leads to a significant improvement in power and spectral efficiency in a
non-linear channel. Fig. 3 shows the eye diagrams of the filtered FQPSK signals at the
output of the fourth order Gaussian low-pass filter with BTb=0.4 where B is 3 dB
bandwidth of the filter and Tb is a duration of bit rate. It is noted that the ISI of the filtered
FQPSK signals is slightly worse than that of the cross-correlated FQPSK, which allows
the filtered FQPSK to benefit much more in spectral efficiency improvement beyond the
30 dB attenuation point shown in Fig. 4. By selecting different filter parameters BTb,
FQPSK modulation can be used to achieve different spectral efficiency requirements for
various practical applications. Unlike QPSK/OQPSK, in which a raised cosine filter is
used, the filtered FQPSK still has the spectral efficiency advantage in a NLA channel.

SYSTEM PERFORMANCE

A. Spectrum Efficiency
There are two major aspects of the modulation techniques to be considered for digital
communications. One is spectral efficiency; the other is bit error probability. Spectral
efficiency is defined as ηf =fb/W

(bit/s/Hz) [5] where fb is the transmitted bit rate and W is the required or specified
channel bandwidth under various criteria in [5], including channel guard band. A
fb/W=WTb is usually determined by the maximum acceptable adjacent channel
interference (ACI) level. The WTb is dependent on different applications [8]. Fig. 5
presents the PSD of the hard limited filtered FQPSK and compares it to raised-cosine
Nyquist filtered OQPSK (α=0.5), MSK and GMSK. The PSD of the filtered FQPSK is
narrower than that of all of others down to the 70 dB attenuation point. Table 1 lists the
spectral efficiency utilization. At -50 dBr point, spectral efficiency of the filtered FQPSK



is 0.62 bit/sec/Hz, while GMSK with BTb=0.3 and filtered OQPSK are 0.47 bit/sec/Hz
and 0.33 bit/sec/Hz, respectively. Therefor, the filtered FQPSK achieves a spectral
efficiency improvement of 32% over GMSK and 62% over OQPSK. The measured PSD
of the filtered FQPSK RF signal through a full saturated amplifier is shown in Fig. 6, in
which it is compared to filtered OQPSK. It is observed that the filtered FQPSK has an
advantage of the spectral efficiency in a non-linear channel and achieves a significantly
spectral efficient improvement. The measured results coincide very well with the
simulation results.

Figure 4. PSD of  FQPSK in a hard limited channel. Figure 5. PSD of the filtered FQPSK and GMSK
in a hard limited channel. Roll-off α=0.5

Table 1. Spectral efficiency of FQPSK and GMSK (b/s/Hz)

PSD
(dBr)

GMSK
BTb=0.3

GMSK
BTb=0.5

   OQPSK
Raised Cosine
Filter α=0.5

Filtered
FQPSK

-20 0.94 (100%) 0.85 (89%) 1.04 (110%) 1.11 (118%)
-30 0.80 (100%) 0.75 (94%) 0.62 (78%) 0.91 (114%)
-40 0.55 (100%) 0.47 (83%) 0.45 (82%) 0.70 (127%)
-50 0.47 (100%) 0.41 (85%) 0.33 (70%) 0.62 (132%)
-60 0.42 (100%) 0.33 (73%) 0.26 (62%) 0.45 (107%)



Table 2. 99% Power bandwidths for
FQPSK and GMSK Modulations

            Description 99% Power
Bandwidth

MSK (no filter)    1.18fb

GMSK with BTb=0.5    1.03fb

GMSK with BTb=0.3    0.90fb

FQPSK (no filter)    0.79fb

Filtered FQPSK with BTb=0.4    0.76fb

Note: This bandwidth contains 99 percent
of the total power, in which it is typically
measured using a spectrum analyzer.

Figure 6. Measured PSD of FQPSK and OQPSK. Upper trace: Filtered OQPSK. Lower
trace: Filtered FQPSK. Data rate: 270.833 kb/s. Radio frequency: 2.4 GHz. Cut-off
frequency of fourth order Butterworth LPF: 135 KHz. A fully saturated amplifier at 1
Watt was used

Figure 7. ACI characteristics for FQPSK and GMSK

In addition, the Inter-Range Instrumentation Group (IRIG) Telemetry Standard 106-96
defines two definitions of bandwidth as the spectral efficiency for the purpose of
telemetry signal spectral occupancy. These definitions are the 99% power bandwidth and
-25 dBm bandwidth. Table 2 presents the 99% power bandwidth measurement for
FQPSK and GMSK modulation methods as a function of the bit rate (fb).

Table 3. Bandwidth WTb of  FQPSK and GMSK ACI
 ACI
(dBr)

GMSK
BTb=0.3

Filtered
FQPSK

advantage of FQPSK
Over GMSK BTb=0.3

-20 0.92 0.70            30%
-30 1.20 0.83            44%
-40 1.70 1.05            61%
-50 2.05 1.30            57%
-60 2.30 1.65            40%



B. Adjacent Channel Interference
In US digital cellular and European DECT standards, the integrated signal power in the
adjacent channel interference (ACI) is used to determine the channel spacing. ACI is
given by [5]

ACI =  
G f H f W df

G f H f df

( ) ( )

( ) ( )
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where G(f) is the PSD function of the transmitted signal received at the input of the
receiver, H(f) is the receiver filter transfer function, and W is the channel spacing. The
ACI power expressed by the numerator in (1) is the function of the channel spacing shift
W. The desired power represented by the denominator in (1) is the received signal power
falling into the receiver filter H(f). Fig. 7 shows the computed ACI results of the out-of-
band radiation power within the adjacent channel receive band to the total power in the
desired channel. In our computation, a fourth order Butterworth BPF with a normalized 3
dB bandwidth of BTb=0.55 is used for FQPSK, and a fourth order Gaussian BPF with
BTb=0.6 for GMSK. These values of BTb were chosen for optimum BER performances in
AWGN channel based on studies in [9], [10]. It is observable that GMSK generates more
ACI than FQPSK. Table 3 lists the results of ACI. At the -40 dB point, the filtered
FQPSK system is about 60% more spectrally efficient than GMSK. The greater spectral
advantage allows a better utilization of the frequency spectrum, and saves frequency band
resources.

C. Bit Error Rate Performance
The BER performance of the coherent detected FQPSK and GMSK are evaluated in a
non-linearly amplified and AWGN channel by computer simulation and hardware
prototype measurement, respectively. The simulation results in Fig. 8 show that the
filtered FQPSK only suffers in a BER performance degradation of 0.1 dB as compared to
the conventional cross-correlated FQPSK, and 0.2 degradation as compared to GMSK
with BTb=0.3 at a BER of 10-4. Meanwhile, Fig. 8 also shows one of the best BER
performance FQPSK, called FQPSK-S [11], only suffering in a BER performance
degradation of 0.5 dB from ideal QPSK theory at a Pe=1×10-4. A hardware transceiver
with a bit rate of 270.833 kbit/s and carrier frequency of 70 MHz was used to evaluate
BER performance of the filtered FQPSK shown in Fig. 9. It is observed that the required
Eb/No of the filtered FQPSK is about 10.6 dB at Pe=10-4 and about 1 dB degradation
compared to simulation result, which is caused by imperfect hardware implementation.
Fig. 10 illustrates a “robust” measured BER performance of an optimized BER
performance, commercially available spread spectrum without cross-correlated FQPSK
system, in which a fully digital coherent demodulator was used. The performance
degradation of the FQPSK is within 1 dB from the theoretical QPSK at BER=10-4.



   

Figure 8. Simulation BER of filtered FQPSK and Figure 9. Measured BER performance of NLA
GMSK in a non-linearly and an AWGN channel. coherent not optimized FQPSK in AWGN

channel. Data rate: 270 kb/s, IF: 70 MHz.

                         

Figure 10. Measured BER of a commercially available FQPSK modem/radio system in
AWGN channel chip rate: 17 Mchip/s (equivalent data rate of 34 Mb/s).
Radio frequency: 2.4 GHz.



CONCLUSION

Spectrally efficient enhancements of the FQPSK architecture were presented and
investigated for telemetering applications. The results have shown that the filtered
FQPSK can improve the integrated spectral efficiency about 50% and has a compatible
BER performance as compared to GMSK, and has 60% spectral advantage over NLA
raised-cosine Nyquist filtered OQPSK with α=0.5. This innovative transceiver
architecture provides power and spectral efficiency to meet the challenge of more
crowded radio frequency resources for a wide range of applications in digital
communications.
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