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Abstract

We present a rate 1/31 turbo code that achieves a bit error rate of 107% at E},/No = —0.9 dB. At this coding
gain, insufficient energy per symbol is present for a conventional receiver to recover the carrier phase properly.
We present a method to overcome this problem by coupling the receiver and decoder functions. Simulations
indicate that this approach may enable the elimination or significant reduction of required residual carrier
power for signaling on AWGN channels impaired by phase noise.

1 Introduction

We have recently designed a rate 1/31 turbo code that has 11.4 dB of coding gain at a Bit Error Ratc (BER)
of 1078. Decep space applications may require this type of high coding gain when the received power from a
spacccraft is very low, such as during cmergency, direct probe-to-Earth, or ultra deep space communications.
Usc of the rate 1/31 turbo code use presupposes the ability to acquire a carrier signal prior to decoding. The
Deep Space Network (DSN) tracks suppressed carrier signals with a conventional Costas loop with squaring loss
T%Ig%&’ where E, /Ny is the symbol cnergy to 1-sided noise PSD ratio. The rate 1/31 turbo code operates at
BER=10"% at E;/Ny = —15.8 dB, which unfortunately results in a squaring loss of 13.0 dB. Without a better
recciver, power would nced to be diverted from the telemetry signal and put into an unmodulated residual carrier.
Instead, we propose a coupled receiver-decoder that can climinate or significantly reduce the amount of power

necessary in the residual carrier.

2 Preliminaries

2.1 Signal model

This paper considers the receiving and decoding of a single channel binary signal with a residual carrier and a
data subcarricr. This type of signaling is typical of a signal received from a spacecraft by the DSN [Kin96, Yuc83].
The front end of the receiver performs IF down conversion, analog to digital conversion, carrier mixing, subcarrier

mixing, and low pass filtering, to obtain the two discrete time signals

ralk] = Pdckejok + ng
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The first signal is the data dependent signal, being proportional to the kth transmitted code symbol, ¢g; the
sccond signal is an unmodulated carricr signal used to help cstablish a coherent phase reference. Py and P,
represent the power present in the data and carricer signals, respectively, and the total power of the signal is
P, = P; + P.. The noisc terms ny, and nj, arc independent and each of the form nrlk] + jng[k], cach component
with normal distribution N (0, No/(2T%ym)). The carrier phase has value 6 during the kth received symbol. For
typical deep space applications, imperfect oscillators may cause the carrier phasc to be time varying, often with
a PSD proportional to 1/f3.

2.2 The Uncoupled system

In an uncoupled, non-data-aided system, the receiver tracks the carrier from the residual carrier signal, and this
is used to wipe off the phasc noise in the data signal. This architecture is shown in Fig. 1. The communication
is unidirectional, and no information from the decoder is used by the receiver. The receiver itself is typically a
phase-locked loop (PLL) that requires no delay or perhaps a single sample delay [ST95], resulting in a relatively

simple signal flow through the system.
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Figure 1: In an uncoupled receiver and decoder, there is a unidirectional flow of information from left to right.

3 A rate 1/31 turbo code

We have designed a rate 1/31 turbo code that achieves BER=10"% at E,/Ny = -0.9 dB (see Fig. 2). This is
competitive with the most power cfficient codes known, although an additional 0.2 to 0.3 dB of gain is possible by
using a lower rate, a longer interleaver, and morce decoding iterations (sec, e.g., turbo-Hadamard codes [PLWO01]).
The encoder for our code is shown in Fig. 3. The two component codes each are 32-state recursive convolutional
codes with 15 outputs. Together with the systematic bit, there are 31 outputs per input bit, making a rate
1/31 turbo code. The first component code has feedback 1 4+ D? 4 D%, a primitive polynomial. The second
component code is a “big numcrator-little denominator” code consisting of an accumulator and taps on dclayed
accumulations. The performance reported here is for a code with input block size 16384, decoded with a log-MAP
turbo decoder using 20 itcrations. As can be scen, the performance is within about 0.6 dB of the unconstrained

capacity of ratc 1/31 codes, which has an asymptote at -1.494 dB.
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Figure 2: Performance of the rate 1/31 turbo code, assuming perfect carrier recovery.

4 Coupled systems for carrier tracking and decoding

4.1 TIterative soft data wipe-off

A coupled receiver-decoder architecture is shown in Fig. 4. The receiver begins as before: a PLL or Wicner filter
tracks the residual carrier signal, wipes off the phase noise as best it can from the data signal, and sends the
result to the turbo decoder. Timing recovery is accomplished with, for cxample, a digital transition tracking loop
(DTTL), or other similar loop. The first difference ariscs after the first iteration of the turbo decoder, when soft
data outputs arc available from the turbo decoder.

For carrier phase recovery, the turbo decoder sends the soft data symbols (real numbers) back to the receiver,
where they are used to softly wipe off the data signal. For example, we might have ¢ = —1 and the turbo
decoder soft output may be é = —0.9, which results in a soft wipe-off of —0.9r4k] = 0.9e7% + 0.9n;, a close
approximation of a residual carrier signal. Once the data is wiped, the signal contains a large carrier phase
component that can be tracked with another Wiener filter. The refined phase estimates from the Wiener filter
arc used to wipe the phase noise from the original, delayed data signal. The refined data samples are then sent
back to the turbo decoder for the second iteration. The soft symbols from the second iteration are sent back to
the recciver in the same manncr as the first, and the process is repcated. This two-way communication between
the receiver and decoder results in improved performance of both the receiver and decoder.

For timing recovery, the turbo decoder outputs are used to replace the transition detector arm in the DTTL.
In the usual DTTL, transitions arc detected based on hard decisions of two consecutive symbols. These hard
decisions are based on raw symbol-by-symbol channel input, with no coding gain. In the new scheme, the decoder
cstimate of the codeword has taken advantage of the undcerlying code. The transitions present in the hard-
limited codeword cstimatces lead to an improved transition detector, which improves the overall performance of

the tracking loop.
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Figure 3: Encoder for a rate 1/31 turbo code. Switches are flipped during termination phase.
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Figure 4: Architecture for coupled receiver decoder with both carrier recovery and symbol timing feedback.

4.2 Joint phase and data recovery from constituent codes

One limitation of the previous coupled receiver-decoder design is that a residual carrier is needed in order for
the recciver to perform well enough for the first iteration of the turbo decoder to provide meaningful feedback.
{Recall, a Costas-type loop that operates on the data modulated signal results in an unacceptable 13 dB squaring
loss.) If the residual carrier power is too low, the initial soft inputs to the turbo decoder are of such low quality
that it cannot recover codewords adequately.

Deccoding suppressed carrier convolutionally coded signals is possible with the use of the higher complexity
joint receiver-decoder [Ham99]. In that work, we determined that these schemes can boot-strap themselves into
simultancously recovering the carrier phase and decoded data, which led to a 3 to 4.25 dB power savings. However,
until now, it was not clcar that this work could be cxtended to a joint receiver-decoder scheme for suppressed
carricr turbo codes. Based on the same idea, we now describe this extension.

The basic architecturc is shown in Fig. 5. The idea is to perform the phase-and-data recovery boot-strapping

process on cach of the constituent convolutional codes of the turbo code. Although the individual codes are
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Figure 5: A coupled receiver-decoder for suppressed carrier signals.
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Figure 6: Performance of the coupled receiver-decoder.

weak, such low constraint-length codes are strong enough to allow adequate phase recovery from the suppressed
carrier signal, even in the presence of moderately high phasc noise [Ham99]. Thus, the quality of the soft input
in the first iteration of the turbo code is adequate enough for the turbo decoder to provide improved feedback
to the receiver. Additionally, since the complexity of the constituent codes is quite small individually— much
smaller than the (7,1/2) code considered in [Ham99)], for example-- this joint receiver-decoder approach is a low
complexity solution.

Fig. 6 shows the performance of this coupled receiver-decoder on an AWGN channel impaired by phase noise.
We considered phase noise with a 2-sided PSD S(f) proportional to 1/f3, ranging from 10log,, S(1) = —100 to
0 dBc/Hz. A moderately high phase noise of -20 dBc¢/Hz results in about a 1 dB loss from the ideal performance,

a 12 dB improvement over the uncoupled system.
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