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ABSTRACT

The ARTM Tier 1 waveforms include two versions of Feher patented QPSK (FQPSK-B and

FQPSK-JR) and a version of shaped offset QPSK (SOQPSK-TG). In this paper we examine three

common detector architectures for the ARTM Tier 1 modulations: a symbol-by-symbol detector, a

cross correlated trellis coded modulation (XTCQM) detector, and a continuous phase modulation

(CPM) detector. We show that when used to detect Tier 1 modulations, these detectors perform

well even without knowledge of the modulation used by the transmitter. The common symbol-by-

symbol detector suffers a loss of 1.5 dB for SOQPSK-TG and 1.6 dB for FQPSK-JR in bit error

rate performance relative to the theoretical optimum for these modulations. The common XTCQM

detector provides a bit error rate performance that is 0.1 dB worse than optimum for SOQPSK-TG

and that matches optimum performance for FQPSK-JR. The common CPM detector achieves a

bit error rate performance that is 0.25 dB worse than optimum for SOQPSK-TG and that approx-

imately matches optimum for FQPSK-JR. The common XTCQM detector provides the best bit

error rate performance, but this detector also has the highest complexity.
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INTRODUCTION

The telemetry standard IRIG 106 specifies three modulations as ARTM Tier 1 waveforms: two

variations of Feher patented QPSK (FQPSK-B and FQPSK-JR), and a version of shaped offset

QPSK (SOQPSK-TG) [1]. These modulations are considered to be interoperable because they

have approximately the same bandwidth and approximately equivalent bit error rate performance

when detected with a simple offset QPSK detector. Because these modulations are interoperable,



any of them can be used on a given Tier 1 telemetry link. Therefore it is desirable to find the

best way to detect the Tier 1 signal when the modulation can be any one of the three listed above.

Naturally, if the receiver knows which modulation is used by the transmitter, it can use the opti-

mum detection algorithm for that modulation. However, at times the receiver may not possess that

knowledge and so we consider the question of how well can the detector perform without know-

ing which Tier 1 modulation is being transmitted. We refer to such a detector as acommon detector.

An obvious option for a common Tier 1 detector is the integrate and dump (I&D) detector. The

ability of this detector to detect all three modulations is the reason why these modulations are in-

teroperable. However, while the Tier 1 modulations have similar bit error rate performance with

this detector, this performance is about 2 dB worse than optimum for each of these modulations.

We explore architectures for a common detector which can deliver optimum or near-optimum bit

error rate performance for all of the Tier 1 modulations without having to know which modulation

was transmitted.

The search for a common detector which provides a bit error rate close to optimum is compli-

cated by the fact that SOQPSK-TG is a continuous phase modulation (CPM) [2] and FQPSK (both

FQPSK-B and FQPSK-JR) is a cross correlated trellis coded modulation (XTCQM) [4]. However,

in [4] it was observed that even though SOQPSK-TG is a CPM, it also can be represented as an

XTCQM. In addition, even though FQPSK is an XTCQM, it can be well approximated as a CPM.

These observations suggest the possibility of a common XTCQM detector and a common CPM de-

tector. In the following we examine the bit error rate performance and complexity of these detector

architectures when used as common Tier 1 detectors. We also examine a common symbol-by-

symbol detector which has improved detection effiency over the I&D detector.

Note that in the remainder of this paper we focus primarily on two of the Tier 1 modulations:

SOQPSK-TG and FQPSK-JR. The two versions of FQPSK, FQPSK-B and FQPSK-JR, are very

similar in bandwidth efficiency and detection efficiency. Because FQPSK-JR has truly constant

envelope, that is the version of FQPSK that we will examine in this paper. The results found here

for FQPSK-JR can be extended to FQPSK-B in a straightforward manner.

SYMBOL-BY-SYMBOL DETECTION

The first common detector considered here is the symbol-by-symbol detector. This detector is

shown in Fig. 1 and is designed for offset quadrature modulations. The most basic form of the

symbol-by-symbol detector is the integrate and dump (I&D) detector. For that detector, the de-

tection filterd(t) in Fig. 1 is an integrator. The detection filter can be modified in order to im-

prove the bit error rate performance of the detector. Use of the offset symbol-by-symbol detector



with FQPSK-JR (as well as FQPSK-B) is natural since FQPSK-JR is defined as an offset QPSK

with data dependent pulse shapes. The use of this detector with SOQPSK-TG is motivated by

the well established connection between CPM with modulation indexh = 1/2 and offset QPSK

[5],[6],[7],[8]. Symbol-by-symbol detection has been thoroughly investigated for SOQPSK-TG

by Geoghegan [9] and for FQPSK by Simon [3]. Our own simulation results are shown in Fig. 2

where we see that SOQPSK-TG performs about 2.0 dB worse than its optimum CPM detector and

that FQPSK-JR performs about 2.2 dB worse than its optimum XTCQM detector.

Symbol-by-symbol detection with better detection filters has also been investigated for SOQPSK-

TG by Geoghegan [9] and for FQPSK-B by Simon [3]. Geoghegan used an adaptive method to

search for the linear detection filter which produced the lowest bit error rate. Simon averaged the

FQPSK-B waveforms to generate a detection filter. When the same procedure is carried out for

FQPSK-JR, a very similar detection filter results. Both of these filters improve the bit error rate

performance for their respective modulations. However, the two detection filters differ. Here we

seek a single detection filter for use in the common symbol-by-symbol detector that provides im-

proved bit error rate performance over the I&D detector.

In [4] a common XTCQM representation for SOQPSK-TG and FQPSK-JR is developed. This

common representation can be used to identify a single detection filter for use with the common

symbol-by-symbol detector. The method for obtaining such a detection filter is explained in [3].

This method involves averaging together the XTCQM waveforms to form a single average wave-

form. Fig. 3 shows the detection filter that results from applying this procedure to the common

XTCQM waveforms obtained in [4].

The performance of the common detection filter described above was simulated for both FQPSK-

JR and SOQPSK-TG. The results of these simulations are plotted in Fig. 2. When compared to

the common I&D detector, the common symbol-by-symbol detector described above gives a bit

error rate performance that is 0.6 dB better for FQPSK-JR and 0.5 dB better for SOQPSK-TG over

the I&D detector atPb = 10−5. This improvement is well short of the 2 dB loss relative to the

theoretical bit error rate performance of each of the Tier 1 modulations. This observation motivates

the search for common detectors with improved detection efficiency.

XTCQM DETECTION

One candidate for a common detector with improved performance over the symbol-by-symbol de-

tector is the XTCQM detector. This architecture is a candidate for the common detector because,
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Figure 1: Block diagram of the symbol by symbol detector. The detection filterd(t) can be an

integrator for an I&D detector or it can be a filter matched to the Tier 1 modulations.
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Figure 2: Bit error rates for SOQPSK-TG and FQPSK-JR for the integrate-and-dump (I&D) detec-

tor and the common symbol-by-symbol detector along with the theoretical curves for each modu-

lation. The I&D detector performs about 2.0 dB worse than optimum for SOQPSK-TG and about

2.2 dB worse than optimum for FQPSK-JR atPb = 10−5 while the average matched filter de-

tector performs about 1.5 dB worse than optimum for SOQPSK-TG and about 1.6 dB worse for

FQPSK-JR.
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Figure 3: Detection filterd(t) used in the common symbol-by-symbol detector.

as was shown in [4], both SOQPSK-TG and FQPSK-JR have an XTCQM interpretation. A block

diagram of the XTCQM detector is shown in Fig. 4. The waveformss0(t)–sN−1(t) need to be

determined for the common detector. One approach to generating the waveforms for the common

XTCQM detector would be to average the SOQPSK-TG XTCQM waveforms with the FQPSK-JR

XTCQM waveforms. However, the fact that the XTCQM representation of SOQPSK-TG uses

2048 waveforms while FQPSK-JR uses 32 waveforms presents a difficulty in doing so. As was ex-

plained in [4], the number of waveforms required for an XTCQM representation of SOQPSK-TG

can be reduced by averaging the time-domain waveforms that differ in the first and last bits. (This

technique was used by Simon [10] to produce a reduced complexity FQPSK-B XTCQM detector.)

Applying this technique three times reduces the number of waveforms to 32, the same number of

complex waveforms as the XTCQM representation of FQPSK-JR. The real and imaginary parts of

these 32 waveforms are formed from combinations of 8 real waveforms and their negatives. These

8 real waveforms are shown in [4].

Since the 32 waveforms used in this approximate XTCQM representation of SOQPSK-TG are dif-

ferent from the 32 waveforms used by the XTCQM representation of FQPSK-JR, the two sets can

be averaged to obtain a single set of 32 waveforms which form the basis of the common XTCQM

detector. This detector requires 8 complex-valued length-2Tb matched filters (the equivalent of 32

real-valued length-Tb matched filters) together with a 16-state trellis.

The bit error rate performance of the common XTCQM detector is shown in Fig. 5. Plots of the

theoretical performance for SOQPSK-TG and FQPSK-JR are also included for reference. The bit

error rate performances of both modulations with this detector are equivalent. The BER curves
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Figure 4: Block diagram of the XTCQM detector. The detection filters are based on the eight

waveforms which result from averaging the FQPSK-JR waveforms with the reduced complexity

SOQPSK-TG waveforms. Modified from [11].

coincide with the analytic FQPSK-JR bound and are 0.1 dB worse than the analytic SOQPSK-TG

bound.

CPM DETECTION

It was shown in [4] that FQPSK-JR can be well approximated as a constrained ternary CPM with

a representation similar to the definition of SOQPSK-TG. This fact implies that in addition to the

common XTCQM detector described in the previous section, a common CPM detector architecture

is possible for the detection of both SOQPSK-TG and FQPSK-JR. A block diagram of the CPM

detector is shown in Fig. 6. The matched filtersh0(t) − h7(t) are a function of a frequency pulse

and the correlative state vector as explained in Chapter 7 of [12]. The number of states in the trellis

depends on the number of phase states and the length of the correlative state vector.

In order to determine the matched filters for the common CPM detector, a common frequency

pulse is needed. Several options exist for forming the frequency pulse to be used in this detector.
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Figure 5: Bit error rates for SOQPSK-TG and FQPSK-JR for the common XTCQM detector along

with the theoretical curves for each modulation.

These options include using a truncated version of the SOQPSK-TG pulse (truncated to length

L = 2 because that is the length of the FQPSK-JR pulse), using the FQPSK-JR pulse, and using an

L = 2 pulse that is the average of the first two pulses. A mismatched receiver analysis performed

in [13] showed that the best option among these three is the FQPSK-JR pulse. This pulse gives the

best performance for both FQPSK-JR and SOQPSK-TG individually, and so it is used here for the

common detector.

The common detector requires 8 real-valued length-Tb matched filters together with an 8-state trel-

lis. The bit error rate performance of this detector with the two modulations is illustrated in Fig. 7.

Plots of the theoretical performance for both SOQPSK-TG and FQPSK-JR are included for ref-

erence. As expected, the performance of SOQPSK-TG is slightly worse than that of FQPSK-JR

since the matched filters and phase trellis are derived from the CPM approximation to FQPSK-JR.

However, the difference is small. Note also that the bit error rate performance of FQPSK-JR is

very close to the analytic bound for FQPSK-JR. This result reinforces the observation made in [4]

that the CPM approximation of FQPSK-JR is quite good.

CONCLUSIONS

SOQPSK-TG and FQPSK-JR share many similarities. As was shown in [4], both may be rep-

resented as cross-correlated trellis-coded quadrature modulations and both may be represented as
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Figure 6: Block diagram of the CPM detector [12]. The detection filters are derived from the

frequency pulse obtained from the CPM approximation of FQPSK-JR.
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Figure 7: Bit error rates for SOQPSK-TG and FQPSK-JR for the common CPM detector (based on

the FQPSK-JR frequency pulse) along with the theoretical curves for each modulation. SOQPSK-

TG performs about 0.25 dB worse than optimum and FQPSK-JR performs about 0.05 dB worse

than the optimum for that waveform



Table 1: Comparison of Common Detectors
Eb/N0 (dB) for Pb = 10−5

Optimal Sym.-by-sym. XTCQM CPM

FQPSK-JR 10.3 12.0 10.3 10.4

SOQPSK-TG 10.2 11.7 10.3 10.5

Complexity

Detection filters - 1 32 8

Trellis states - 1 16 8

continuous phase modulations (although the CPM interpretation for FQPSK-JR is only an approxi-

mation). Here we have exploited these common representations to design three common detectors,

two of which (the XTCQM detector and the CPM detector) offer near optimal bit error rate perfor-

mance for both SOQPSK-TG and FQPSK-JR without requiring knowledge of which modulation

is being detected.

The bit error rate performance of these detectors along with their complexity are summarized in

Table 1. The common XTCQM detector provides a slightly better bit error rate than the common

CPM detector for both SOQPSK-TG and FQPSK-JR (0.2 dB better for SOQPSK-TG and 0.1 dB

better for FQPSK-JR). This performance matches the optimum performance for FQPSK-JR and is

0.1 dB worse than optimum for SOQPSK-TG. The common symbol-by-symbol detector is 1.7 dB

worse than optimum for FQPSK-JR (it is also 1.7 dB worse than the XTCQM detector) and it is

1.5 dB worse than optimum for SOQPSK-TG (1.4 dB worse than the XTCQM detector).

Even though the common XTCQM detector gives the best bit error rate performance, it also has

the highest complexity, as measured in the number of matched filters and trellis states. Note that

the number of matched filters in Table 1 represents the number of equivalent real-valued length-Tb

filters. Naturally, the symbol-by-symbol detector offers the lowest complexity of the three com-

mon detectors examined, but this detector has the lowest bit error rate performance. These three

common detectors allow a tradeoff between bit error rate performance and complexity for Tier 1

telemetry receiver design.
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