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Abstract 
We present a rate 1/31 turbo code that achieves a bit error rate of at Eb/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 

1 Introduction 

AWGN channels impaired by phase noise. 

Wc have rcccntly dcsigncd a ratc 1/31 turbo codc that has 11.4 dB of coding gain at a Bit Error Rate (BER) 
of I O p 6 .  Dccp spacc applications may require this type of high coding gain whcn thc rcceivcd powcr from a 
spacecraft is very low, such as during cmcrgcncy, direct probe-to-Earth, or ultra dccp spacc communications. 

Usc of'thc ratc 1/31 turbo codc usc prcsupposcs the ability to acquire a carrier signal prior to decoding. Thc 
Deep Spacc Network (DSN) tracks supprcsscd carricr signals with a conventional Costas loop with squaring loss 
A ~ % L  where E,/No is the symbol energy to 1-sided noise PSD ratio. The ratc 1/31 turbo codc opcrates at 
BER=10-" at E,/No = -15.8 dB, which unfortunately rcsults in a squaring loss of 13.0 dB. Without a better 
reccivcr, power would nccd to be divcrtcd from the tclemetry signal and put into an unmodulatcd residual carricr. 
Instead, we propose a coupled receiver-decoder that can climinate or significantly reduce the amount of power 
necessary in the residual carricr. 

1+2E,jNo 

2 Preliminaries 

2.1 Signal model 

This paper considers the recciving and decoding of a single channel binary signal with a residual carrier and a 
data subcarricr. This typc of signaling is typical of a signal rcccived from a spacecraft by thc DSN [Kin96, Yuc83]. 
The front end of thc rcceivcr performs IF down convcrsion, analog to digital convcrsion, carricr mixing, subcarricr 
mixing, and low pass filtering, to obtain thc two discrctc timc signals 
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Thc first signal is thc data dcpcndcnt signal, being proportional to thc kth transmittcd code symbol, c k ;  thc 
sccond signal is an unmodulatcd carricr signal uscd to hclp cstablish a cohcrcnt phase rcfercnce. Pd and P, 

rcprcscnt thc powcr prcscnt in thc data and carricr signals, rcspcctivcly, and thc total powcr of thc signal is 
P+ = Prl + P,. Thc rioisc tcrms n k  and n; arc indcpcndcnt and each of thc form n r [ k ]  + j n ~ [ k ] ,  each componcnt 
with normal distribution N ( 0 ,  N O / ( ~ T , , ~ ~ ) ) .  Thc carricr phasc has valuc 6)k during thc kth rcccivcd symbol. For 
typical dccp spacc applications, impcrfcct oscillators may causc thc carricr phasc to bc timc varying, okcn with 
a PSD proportional to l/f’. 

2.2 The Uncoupled system 

In an uncouplcd, non-data-aidcd systcm, thc rcceivcr tracks thc carricr from thc rcsidual carricr signal, and this 
is uscd to wipc off’ the phasc noisc in thc data signal. This architccturc is shown in Fig. 1. Thc communication 
is unidirectional, and no information from thc dccodcr is used by thc rcceivcr. Thc reccivcr itsclf is typically a 
phasc-locked loop (PLL) that rcquires no delay or pcrhaps a singlc sample dclay [ST95], resulting in a relativcly 
simplc signal flow through thc system. 

Figure 1: In an uncoupled reccivcr and decodcr, there is a unidirectional flow of information from left to right. 

3 A rate 1/31 turbo code 
Wc havc dcsigncd a ratc 1/31 turbo codc that achieves BER=1OP6 at Eb/No = -0.9 dB (see Fig. 2). This is 
compctitivc with thc most powcr cfficicnt codcs known, although an additional 0.2 to 0.3 dB of gain is possible by 
using a lower ratc, a longcr intcrlcavcr, and morc dccoding itcrations (scc, e.g., turbo-Hadamard codcs [PLWOl]). 
Thc cncoder for our code is shown in Fig. 3. Thc two component codes each are 32-state recursivc convolutional 
codes with 15 outputs. Togcthcr with thc systcmatic bit, therc arc 31 outputs pcr input bit, making a rate 
1/31 turbo codc. Thc first componcnt codc has fcedback 1 + D2 + D5,  a primitivc polynomial. Thc sccond 
componcnt codc is a “big numcrator-littlc dcnominator” codc consisting of an accumulator and taps on dclaycd 
accumulations. The pcrformancc rcportcd hcrc is for a codc with input block sizc 16384, decoded with a log-MAP 
turbo dccodcr using 20 itcrations. As can bc sccn, thc pcrformancc is within about 0.6 dB of thc unconstraincd 
capacity of ratc 1/31 codcs, which has an asymptote at  -1.494 dB. 
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Figure 2: Pcrforrnance of the rate 1/31 turbo code, assiiining perfect carrier recovery. 

4 Coupled systems for carrier tracking and decoding 

4.1 Iterative soft data wipe-off 

A coupled rcccivcr-dccodcr architccturc is shown in Fig. 4. Thc rcccivcr bcgins as before: a PLL or Wiener filtcr 
tracks thc residual carricr signal, wipcs off thc phasc noise as bcst it can from thc data signal, and sends thc 
rcsnlt to thc turbo dccodcr. Timing rccovcry is accomplished with, for cxamplc, a digital transition tracking loop 
(DTTL), or othcr similar loop. The first differcncc arises after the first iteration of the turbo dccodcr, when soft 
data outputs arc availablc from the turbo decoder. 

For carrier phasc recovcry, the turbo dccodcr sends thc soft data symbols (rcal numbers) back to thc reccivcr, 
whcrc they are used to softly wipc off the data signal. For cxample, we might have c k  = -1 and thc turbo 
dccodcr soft output may be Ek = -0.9, which results in a soft wipe-off of -0.9rd[k] = 0.9eJok + 0.9nk, a closc 
approximation of a residual carrier signal. Oncc the data is wiped, thc signal contains a largc carrier phasc 
component that  can be tracked with anothcr Wiener filtcr. The refincd phase estimatcs from the Wiener filtcr 
arc uscd to wipc thc phasc noise from thc original, delayed data signal. Thc refincd data samples arc then scnt 
back to thc turbo dccodcr for the second itcration. The soft symbols from the second itcration arc scnt back to 
thc rcccivcr in thc samc manncr as thc first, and the process is rcpcatcd. This two-way communication bctwccn 
thc rcccivcr and dccodcr rcsults in improved pcrformancc of both thc rcceivcr and dccodcr. 

For timing rccovcry, thc turbo dccodcr outputs arc used to rcplacc the transition dctcctor arm in the DTTL. 
In thc iisual DTTL, transitions are dctccted based on hard dccisions of two consecutive symbols. Thcsc hard 
dccisions arc bascd on raw symbol-by-symbol channel input, with no coding gain. In the new scheme, the dccodcr 
estimate of the codcword has taken advantage of the undcrlying codc. The transitions prcsent in thc hard- 
limitcd codcword cstimatcs lcad to an improved transition dctcctor, which improves thc overall pcrformancc of 
thc tracking loop. 
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Figure 3: Encoder for a rate 1/31 turbo code. Switches are flipped during terniiiiatiori pliase. 
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Figure 4: Arcliitectiire for coupled receiver decoder with both carrier recovery and symbol timing feetiback. 
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4.2 Joint phase and data recovery from constituent codes 

One limitation of the prcvious couplcd receiver-decoder design is that a residual carrier is nceded in order for 
the receiver to perform well enough for the first iteration of the turbo dccodcr to provide mcaningful feedback. 
(Rccall, a Costas-type loop that operates on the data modulated signal results in an unacceptablc 13 dB squaring 
loss.) If the rcsidual carrier power is too low, thc initial soft inputs to the turbo dccodcr are of such low quality 
that it cannot rccovcr codcwords adequately. 

Dccoding suppressed carrier convolutionally coded signals is possiblc with the use of thc higher complexity 
,joint rcceivcr-decoder [HamSS]. In that work, we determined that these schemes can boot-strap themselves into 
simultaneously rccovcring thc carrier phase and dccodcd data, which led to a 3 to 4.25 dB power savings. However, 
until now, it was not clear that this work could be extended to a joint rccciver-dccodcr schcmc for suppressed 
carricr turbo codcs. Bascd on thc same idea, wc now dcscribc this cxtcnsion. 

The basic architecture is shown in Fig. 5. Thc idca is to pcrform the phase-and-data recovery boot-strapping 
process on each of the constituent convolutional codes of thc turbo code. Although thc individual codcs arc 
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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. 
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wcak, such low constraint-length codes arc strong cnough to allow adcquatc phase recovery from the supprcsscd 
carrier signal, cvcn in the prcscncc of moderatcly high phasc noisc [Ham99]. Thus, thc quality of the soft input 
in thc first iteration of the turbo codc is adcquatc cnough for thc turbo decoder to provide improvcd fccdback 
to thc receiver. Additionally, since the complexity of the constitucnt codes is quite small individually- much 
smaller than thc (7,1/2) code considercd in [Ham99], for cxamplc this joint rcccivcr-decoder approach is a low 
complcxity solution. 

Fig. 6 shows thc pcrformancc of this couplcd receiver-decoder on an AWGN channel impaircd by phasc noisc. 
Wc considrrcd phase noisc with a 2-sidcd PSD S ( f )  proportional to l/f3, ranging from lOlog,, S(l) = -100 to 
0 dBc/Hz. A moderately high phase noisc of -20 dBc/Hz rcsults in about a 1 dB loss from the ideal performance, 
a 12 dB improvement ovcr the uncouplcd system. 
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