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ABSTRACT

16-ary amplitude phase shift keying (16APSK) is a candidate modulation for aeronautical mo-
bile telemetry because it has better spectral efficiency and lower sensitivity to adjacent channel
interference compared SOQPSK-TG. This paper compares the post-equalizer bit error rate per-
formance of 16APSK and SOQPSK-TG in the aeronautical mobile telemetry multipath channel.
The linear polarizations produced by the orthogonal dipoles in the receive antenna feed are com-
bined in two different ways: using a 90° hybrid coupler to produce RHCP or LHCP and maximum
likelihood combining. The first combining method is the common practice at test ranges and the
second combining method is new. The results show the following. First, I6APSK with MMSE
equalization outperforms SOQPSK-TG with CMA equalization for the RHCP and LHCP channels.
Second, 16APSK with MMSE equalization outperforms SOQPSK-TG with CMA equalization for
the maximum likelihood channels at moderate to high signal-to-noise ratios. For lower signal-to-
noise ratios, SOQPSK-TG shows the best performance. Third, 16 APSK with MMSE equalization
operating the maximum likelihood combined channel outperforms SOQPSK-TG with CMA equal-
ization operating on the RHCP or LHCP channels.

INTRODUCTION

16APSK is a candidate modulation for improving spectral efficiency in aeronautical telemetry
application, specifically when compared to SOQPSK-TG. To be accepted as a common modulation
technique in aeronautical telemetry, the performance of 16APSK in real world scenarios such as
frequency selective multipath fading is required.

In this paper we evaluate and compare the performance of 16APSK and SOQPSK-TG modu-
lations, in the presence of polarization diversity and equalization in the receiver side. The constant
modulus algorithm (CMA) is used to adaptively equalize SOQPSK-TG signal, and a minimum
mean squared error (MMSE) equalizer is applied to 16 APSK signal to take care of the channel
impairments. For each signal two diversity combining techniques will be examined and simulated,
the first one is combining the V and H polarizations in the receive antenna feed using a 90° hybrid
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coupler and the second is maximum likelihood (ML) combiner. The first combining technique is
the one currently used at most test ranges. The V and H polarizations combined using the 90°
hybrid coupler are called circularly polarized signals. Most receive antenna produce two variants,
RHCP and LHCP. The second combining technique is new and was developed for 16APSK in [1].

The simulation results show that for both modulations, ML combining outperforms the com-
bining based on the 90° hybrid coupler. The computer simulation results also show that 16APSK
modulation outperforms the SOQPSK-TG modulation in terms of the BER when we compare the
RHCP and LHCP combined signals, and this is true for all the examined signal-to-noise ratios.
However, the ML combined signal with SOQPSK-TG modulation outperforms ML combined sig-
nal with 16APSK for the lower values of signal-to-noise ratio.

SYSTEM MODEL

Complex valued baseband representations [2] will be used in the development. The transmitted
signals, 16 APSK and SOQPSK-TG, are described as follows:

* 16APSK is a signal of the form
s(t) =Y amp(t — (T.) (1)
¢

where a; is the /-th transmitted symbol; T is the symbol time; and p(¢) is a unit energy
square-root raised cosine (SRRC) pulse shape parameterized by the roll-off factor0 < o <1
[3]. The 16-APSK constellation is shown in Figure 1. The constellation is parameterized by
the ratio of radii v = r5/r; and the phase angle ¢.

* SOQPSK-TG is a constant phase modulation (CPM) of the form
s(t) = eI9(t:b) 2)

where ¢(¢;b) is the instantaneous phase that is a function of time and the bit sequence
b = b(0),b(1), ... and is defined as

(t;b) = 2h Y a(k)q(t — kT;) 3)

where h = 1/2 is the modulation index; 7}, is the bit time; ¢(t) is the phase response usually
described as the integral of a frequency pulse f(¢); and «(k) is the k-th modulating symbol

given by .
a(k) = 5(=1)""a(k = 1) [a(k) — a(k - 2)] @)
where
) =1 bk)=0
a(k) = {—H b(k) = 1. )

(4) and (5) also show how the modulating symbols are related to the bit values. The fre-
quency pulse spans 8 bit times and is elaborated in [4] (see also [5, 6]).
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Figure 1: The 16-APSK constellation with the DVB-S2 bit-to-symbol mappings

The receiver captures the two polarization states of the received signal. The multipath channel
is different in the two polarization states. This difference presents a form of diversity that can be
exploited to improve the performance of the equalizers. The polarization properties of multipath
scenario are discussed in the next Section. Applying diversity combining techniques, described
later in this paper, on the corresponding channel impulse responses leads to a combined signal that
is given by

r(t) = s(t) * c(t) + 2(t) (6)

where s(t) is the transmitted signal given by (1) or (2),  is the continuous-time convolution oper-
ator, c(t) is the combined channel, and z(t) is a circularly-symmetric complex-valued wide-sense
stationary normal random process representing the additive noise. The autocorrelation of z(t) is a
function of the combining techniques described in the below.

POLARIZATION-DEPENDENT MULTIPATH PROPAGATION

The multipath scenario shown in Figure 2 is used in this paper. Two coordinate systems are
provided to be used, one is (z,y, z) Cartesian coordinate system, whose origin is shown in the
figure, and the second one is (2, 3/, 2’), whose origin is center of the parabolic reflector. The latter
coordinate system is related to the former one by a translation along the z-axis and by a rotation
over the y-axis by the antenna elevation angle, that is a function of the height of the transmitter
antenna, height of the receiver antenna, and the ground distance (D)) between the transmitter and
receiver antennas.

Low elevation scenarios such as the one shown in Figure 2 can be modeled by a channel
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Figure 2: The geometry of multipath propagation for a land-based test range in the Western USA

comprising three propagation paths: a line-of-sight (LOS) path, a specular reflection that models a
significant reflection from the ground in our scenario, and a diffuse scattering term that is basically
a number of weaker reflections due to the rough surfaces such as mountain sides.

Polarization state information is used in multipath propagation for the LOS, and specular re-
flection as explained in [7]. The diffuse scattering term is modeled based on both measurements [8]
and theory [9].

The transmitter is a vertically polarized antenna mounted on the bottom of the fuselage of an
airborne test article, the receiver is a parabolic reflector with a resonant cavity at its focal point. The
resonant cavity is equipped with a cross polarized dipole comprising vertically and horizontally
polarized antenna elements in the directions of z’ and v’ respectively. Putting all the terms together
channel impulse responses at the horizontally and vertically antenna feed outputs are as follows:

cy () = ¢y 00(t) + ¢y 16(t — 1) + ¢y 20(t — T2) (7
Cz/<t) = CZ/,Oé(t) + CZ/J(S(Zf — 7'1) + CZ/,Qé(t — Tg). (8)

The received signals are also defined as

ru(t) = ¢y () * s(t) + 2u(t) )
rv(t) = cu(t) x s(t) + 2v(t) (10)

where s(t) is given by (1) or (2), x is the continuous-time convolution operator, and zy(t) is a
circularly-symmetric complex-valued normal random process with zero mean and autocorrelation
function [2]

E{zu(t+ 7)z51(t)} = 2Noo(7), (11)

and 2y () is a complex-valued random process with identical statistics but is independent of z ().

THE ANALYSIS AND SIMULATION RESULTS OF POLARIZATION DIVERSITY
COMBINING FOR 16APSK AND SOQPSK-TG SIGNALS

Our purpose here is the evaluation and comparison of the different combining techniques ap-
plied to 16APSK and SOQPSK in the mulitpath channel. The post-equalizer bit error rate is used
as the figure of merit. The systems include 16 APSK and SOQPSK-TG modulators, demodulators,
corresponding detectors, and the two combiners will be elaborated in this section and the simula-
tion results will be presented. The combiners are 90° hybrid coupler combiner and ML combiner.

4



_______________________________

; H 190° hybrid coupler
1y (1) :E i — .

I 5 o matched to noise i
1| Pulse ! i the pulse > A/D > whitening —{ MMSE [ 16APSK L 2,
shape | |1 " - detector

o i shape filter
H and V antenna feed outputs —;
(a)
"1 1 | ML combiner
>l ey (t) > Cyr _t)—¢ : -

I H ! v (t) | Matched to noise 7
—| Pulse | g R ' the pulse [ A/D || whitening [ MMSE [» 1BAPSK N
shape | |i " ! - detector

: IRE ! shape filter
T Cz/(t) '::—) (Jz/(—t) E ZI\/IL(t)
H and V antenna feed outputs
(b)

Figure 3: Block diagrams of the two combiners for 16APSK: (a) the combining performed by a 90° hybrid
coupler to form an RHCP signal; (b) maximum likelihoood combining.

* A 90° hybrid coupler combiner for I6APSK and SOQPSK signals are shown in Figures 3
(a) and 4 (a) respectively. The combined signal in 16APSK structure will be matched to the
pulse shape filter after the noise addition, as shown in Figure 3 (a), however for SOQPSK
signal, the output of the combiner will be applied to the CMA equalizer after the noise ad-
dition and analog-to-digital converter. Almost all of the receive antennas deployed at test
ranges use a 90° hybrid coupler to construct the circularly (more accurately elliptically) po-
larized signals, designated RHCP and LHCP, from the linearly polarized (V and H) received
signals. This structure is developed for 16 APSK modulation scheme in [1], which based on
it the development for SOQPSK-TG is straightforward.

* ML combiner in the structure of 16APSK and SOQPSK waveformes are shown in Figures
3 (b) and 4 (b). The combined signal in 16 APSK structure will be matched to the pulse
shape after the noise addition as shown in Figure 3 (b), however again for SOQPSK signal,
the output of the combiner will be applied to the CMA equalizer after the noise addition
and analog-to-digital converter. This difference comes from different signal modeling of
linear and nonlinear wavwforms [2]. ML combiner is developed for 16 APSK and SOQPSK
modulation schemes in [1] and [10] respectively.

The computer simulations are developed for the scenario shown in Figure 2, where the location
of the transmitter and receiver antennas, the specular reflection point G, the refractive index at
the specular reflection point, the ground distance between the transmitter and receiver antennas D
along with yaw, pitch, and roll rotation angles for the test article are indicated in Table 1. The
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Figure 4: Block diagrams of the two combiners for SOQPSK-TG: (a) the combining performed by a 90°
hybrid coupler to form an RHCP signal; (b) maximum likelihood combining.

channel coefficients and corresponding delays in (7) and (8) for such a scenario are:
cyr0 = 0.2319
¢y 1 = —0.2533 + 50.0000
¢y 2 = —0.0621 — 70.0571
¢y o = 0.9543
c»1 = —0.9060 — 50.0000
cyo = —0.0639 — 50.0256
71 = 8.251 ns
To = 155 ns.

(12)

Note that ¢,/ » and ¢,/ 5 are calculated based on the realization of the random variable that describes
the vertically polarized component [11], [12]. The channel transfer functions (CTF) of ¢, (t) and
c.(t) are shown in Figure 5, then the corresponding CTF for RHCP and LHCP channels, and also
for ML channel are shown in Figures 6 and 7 respectively. The power spectral density of 16APSK,
and the power spectral density of SOQPSK-TG also are shown in Figures 5, 6, and 7.

BER curves are simulated for 16APSK and SOQPSK-TG modulations over all the channels
shown in Figures 6 and 7. The computer simulations parameters setting for the system designs
including 16 APSK and SOQPSK waveforms are summarized in Tables 2 and 3 respectively. Note
that the 16 APSK constellation parameters shown in Table 2 are those that minimize the peak Fj, /N,
required to achieve a performance goal [13].
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Figure 5: The transfer function of channels ¢,/ () and c./(t)

The simulated BER performance is shown in Figure 8. The results show that for both wave-
forms the ML combiner outperforms 90° hybrid coupler as the combiner to produce either RHCP
or LHCP signals. The results also show that 16APSK has a lower BER compare to SOQPSK-
TG waveform that we simulated when compare the performance of RHCP or LHCP channels
in terms of BER and this is true for all the LOS E} /N, values, however ML combined channel
with SOQPSK-TG waveform outperforms ML combiner channel with 16 APSK waveform for the
lower values of LOS E, /Ny, but for the higher values of LOS E}/N, again 16APSK waveform is
a winner.

CONCLUSIONS

We compared the post-equlizer performance of the 16APSK to SOQPSK-TG in a frequency-
selective multipath environment. Two different polarization diversity combining techniques were
examined: the 90° hybrid coupler that produces the RCHP and LHCP outputs commonly used at
test ranges, and the ML combiner. The computer simulation results show that for both modulations
ML combining outperforms 90° hybrid coupler combiner. The results lead to the following con-
clusions. First, I6APSK with MMSE equalization outperforms SOQPSK-TG with CMA equaliza-
tion for the RHCP and LHCP channels. Second, 16 APSK with MMSE equalization outperforms
SOQPSK-TG with CMA equalization for the maximum likelihood channels at moderate to high
signal-to-noise ratios. For lower signal-to-noise ratios, SOQPSK-TG shows the best performance.
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Figure 6: The transfer function of channels cg(¢) and cg,(¢) shown in Figure 3 (a) and 4 (a)

Table 1: Geometry parameters corresponding to the scenario shown in Figure 2

Quantity Value
T (82139, —12521,823) m
R (0,0,125) m
G (10831,1651,0) m
D 83,088 m
Refractive index at specular reflection 1.7321 — 50.0007

pitch 15°

yaw 5°

roll 10°
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Figure 7: The transfer function of channel cyr,(¢) shown in Figures 3 (b) and 4 (b).

Table 2: The parameters used for the BER simulations of 16 APSK.

Parameter Value

Bit rate 10 Mbits/s

Carrier frequency fe = 1485 MHz (L Band)
Equalizer and detector sample rate /N = 1 samples/symbol
MMSE equalizer length 31 samples

Pulse shape SRRC with roll-off factor 50%
g 2.46

¢ /12
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Figure 8: Simulated post-equalizer BER results using two combining techniques in the structures shown in
Figures 3 and 4.

Table 3: The parameters used for the BER simulations of SOQPSK.

Parameter Value

Bit rate 10 Mbits/s

Carrier frequency fe = 1485 MHz (L Band)
Equalizer and detector sample rate /N = 2 samples/symbol
CMA equalizer length 31 samples

CMA step size 107°

Carrier phase PLL BT, =001,(=1
Timing PLL B, T, =0.01,¢=1
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Third, 16 APSK with MMSE equalization operating the maximum likelihood combined channel
outperforms SOQPSK-TG with CMA equalization operating on the RHCP or LHCP channels.
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