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Communication Algorithms via Deep Learning
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University of Illinois at Urbana Champaign*, University of Washington'

Reliable digital communication, both wireline (ethernet, cable and DSL modems) and wireless (cellular, satellite,
deep space), is a primary workhorse of the modern information age. A critical aspect of reliable communication
involves the design of codes that allow transmissions to be robustly (and computationally efficiently) decoded under
noisy conditions. This is the discipline of coding theory; over the past century and especially the past 70 years (since
the birth of information theory [1]) much progress has been made in the design of near optimal codes. Landmark
codes include convolutional codes, turbo codes, low density parity check (LDPC) codes and, recently, polar codes.
The impact on humanity is enormous — every cellular phone designed uses one of these codes, which feature in global
cellular standards ranging from the 2nd generation to the 5th generation respectively, and are text book material [2].

The canonical setting is one of point-to-point reliable communication over the additive white Gaussian noise
(AWGN) channel and performance of a code in this setting is its gold standard. The AWGN channel fits much of
wireline and wireless communications although the front end of the receiver may have to be specifically designed
before being processed by the decoder (example: intersymbol equalization in cable modems, beamforming and sphere
decoding in multiple antenna wireless systems); again this is text book material [3]. There are two long term goals
in coding theory: (a) design of new, computationally efficient, codes that improve the state of the art (probability of
correct reception) over the AWGN setting. Since the current codes already operate close to the information theoretic
“Shannon limit", the emphasis is on robustness and adaptability to deviations from the AWGN settings (a list of
channel models motivated by practical settings, (such as urban, pedestrian, vehicular) in the recent 5th generation
cellular standard is available in Annex B of 3GPP TS 36.101. (b) design of new codes for multi-terminal (i.e., beyond
point-to-point) settings — examples include the feedback channel, the relay channel and the interference channel.

Progress over these long term goals has generally been driven by individual human ingenuity and, befittingly,
is sporadic. For instance, the time duration between convolutional codes (2nd generation cellular standards) to polar
codes (5th generation cellular standards) is over 4 decades. Deep learning is fast emerging as capable of learning
sophisticated algorithms from observed data (input, action, output) alone and has been remarkably successful in a
large variety of human endeavors (ranging from language [4] to vision [5] to playing Go [6]). Motivated by these
successes, we posit that deep learning methods can play a crucial role in solving both the aforementioned goals of
coding theory and show that we can make significant progress on both these goals in this work.

While the learning framework is clear and there is virtually unlimited training data available, there are two main
challenges: (a) The space of codes is very vast and the sizes astronomical; for instance a rate 1/2 code over 100
information bits involves designing 2'°° codewords in a 200 dimensional space. Computationally efficient encoding
and decoding procedures are a must, apart from high reliability over the AWGN channel. (b) Generalization is highly
desirable across block lengths and data rate that each work very well over a wide range of channel signal to noise
ratios (SNR). In other words, one is looking to design a family of codes (parametrized by data rate and number of
information bits) and their performance is evaluated over a range of channel SNRs.

In part due to these challenges, recent deep learing works on coding theory focus on decoding known codes using
data-driven neural decoders for short block lengths [7, 8, 9]. The main challenge is to restrict oneself to a class of
codes that neural networks can naturally encode and decode. In this work, we restrict ourselves to a class of sequential
encoding and decoding schemes, of which convolutional and turbo codes are part of. These sequential coding schemes
naturally meld with the family of recurrent neural network (RNN) architectures, which have recently seen large success
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in a wide variety of time-series tasks. The ancillary advantage of sequential schemes is that arbitrarily long information
bits can be encoded and also at a large variety of coding rates. Working within sequential codes parametrized by RNN
architectures, we make the following contributions.

(1) Focusing on convolutional codes we aim to decode them on the AWGN channel using RNN architectures.
Efficient optimal decoding of convolutional codes has represented historically fundamental progress in the broad
arena of algorithms; optimal bit error decoding is achieved by the “Viterbi decoder’ [10] which is simply dynamic
programming or Dijkstra’s algorithm on a specific graph (the ‘trellis’) induced by the convolutional code. Optimal
block error decoding is the BCJR decoder [11] which is part of a family of forward-backward algorithms. While early
work had shown that vanilla-RNNs are capable in principle of emulating both Viterbi and BCJR decoders [12, 13] we
show empirically, through a careful construction of RNN architectures and training methodology, that neural network
decoding is possible at very near optimal performances (both bit error rate (BER) and block error rate (BLER)). The
key point is that we train a RNN decoder at a specific SNR and over short information bit lengths (100 bits) and show
strong generalization capabilities by testing over a wide range of SNR and block lengths (up to 10,000 bits). The
specific training SNR is closely related to the Shannon limit of the AWGN channel at the rate of the code and provides
strong information theoretic collateral to our empirical results.

(2) Turbo codes are naturally built on top of convolutional codes, both in terms of encoding and decoding. A
natural generalization of our RNN convolutional decoders allow us to decode turbo codes at BER comparable to, and
at certain regimes, even better than state of the art turbo decoders on the AWGN channel. That data driven, SGD-learnt,
RNN architectures can decode comparably is fairly remarkable since turbo codes already operate near the Shannon
limit of reliable communication over the AWGN channel.

(3) We show the afore-described neural network decoders for both convolutional and turbo codes are robust to
variations to the AWGN channel model. We consider a problem of contemporary interest: communication over a
“bursty” AWGN channel (where a small fraction of noise has much higher variance than usual) which models inter-
cell interference in OFDM cellular systems (used in 4G and 5G cellular standards) or co-channel radar interference.
We demonstrate empirically the neural network architectures can adapt to such variations and beat state of the art
heuristics comfortably (despite evidence elsewhere that neural network are sensitive to models they are trained on
[14]). Via an innovative local perturbation analysis (akin to [15]), we demonstrate the neural network to have learnt
sophisticated preprocessing heuristics in engineering of real world systems [16].

(4) We demonstrate new RNN-driven encoders (with matching decoders) that operate significantly better than
state of the art on the AWGN channel with (noisy) output feedback. While feedback does not improve the Shannon
capacity of the AWGN channel [17], it is known to provide better reliability at finite block lengths [18], although
very sensitive to even tiny amounts of noise in the output feedback; more generally any linear code incorporating
the noisy output feedback cannot achieve a non-zero reliable rate of communication [19] — this is very troubling
since all practical codes are linear and linear codes are known to achieve capacity (without feedback) [20]. Our
RNN parameterized encoders are inherently nonlinear and map information bits directly to real-valued transmissions.
Their performance vastly improves the state of the art on the long standing open problem in information theory on
communicating over the AWGN channel with noisy output feedback.
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