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Abstract—VLSI implementation complexity of a low-density parity-check (LDPC) decoder is largely influenced by their
interconnect and storage requirements. Here, the proposed physical-layout-driven decoder architecture utilizes the value-reuse
properties of offset min-sum, layered decoding, and structured properties of LDPC codes. This implementation results in a significant
reduction of logic, memory, and interconnects requirements of the decoder when compared to the state-of-the-art LDPC decoders.

IndexTerms—Ilow-density parity-check (LDPC) codes, offset min-sum, partial bitonic merge, vector processing, decoder
architecture, layered decoding, turbo decoding message passing, array LDPC, QC-LDPC, RS-LDPC,10-GB LDPC.

I. INTRODUCTION

Low-density parity-check (LDPC) codes and turbo codes are among the best known codes that operate near the Shannon limit
[1]. When compared to the decoding of turbo codes, LDPC decoders require simpler computational processing, and they are
more suitable for parallelization and low complexity implementation. LDPC codes are considered for error correction coding in
virtually all next generation communication systems. While parallel LDPC decoder designs for randomly constructed LDPC
codes suffer from complex interconnect issues [2], various semi-parallel [3]-[8] and parallel implementations [9]-[10], based on
structured LDPC codes, alleviate the interconnect complexity. Mansour and Shanbhag [3] introduced the concept of turbo
decoding message passing (TDMP), which is sometimes also called layered decoding [4], using BCJR for their architecture-
aware LDPC (AA-LDPC) codes. TDMP offers 2x throughput and significant memory advantages when compared to standard
two-phase message passing (TPMP).

In this paper, we propose several novel parallel micro-architecture structures for the check-node message processing unit
(CNU) for the offset min-sum (OMS) decoding of LDPC codes based on value-reuse and survivor concepts. In addition, a novel
physical-layout-driven architecture for TDMP, using the OMS for array LDPC codes, regular quasi-cyclic LDPC (QC-LDPC)
and other block LDPC codes, is proposed. The resulting decoder architecture has significantly lower requirements of logic and
interconnects when compared to other published decoder implementations. The rest of the paper is organized as follows. Section
II introduces the background of array LDPC codes, QC-LDPC codes and OMS, the decoding algorithm. Section III presents the
TDMP and its properties for array LDPC codes and QC-LDPC codes. Section IV presents the value-reuse property and proposed
micro-architecture structure of CNU. The data flow graph and parallel architecture for TDMP using OMS is included in section
V. Section VI shows the ASIC implementation results and performance comparison with related work and section VII concludes
the paper.

II. BACKGROUND

A. Array LDPC Codes

A binary (N R K) LDPC code is a linear block code of codeword length N and information block length K that can be
described by a sparse (N — K)x N parity-check matrix. The array LDPC parity-check matrix is specified by three parameters: a

prime number P and two integers K (check-node degree) and | (variable-node degree) such that j,K < p[11]. This is given
by
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where | isa P x P identity matrix, and & isa P X ] permutation matrix representing a single left cyclic shift (or equivalently

down cyclic shift) of I. The exponent of « in H is called the shift coefficient and denotes multiple cyclic shifts, with the
number of shifts given by the value of the exponent.

For the general class of regular QC-LDPC codes, the shift coefficients are random which are determined either by a
mathematical procedure such as cosets or by some heuristic based approaches. The H matrix can be constructed by filling the
matrices consisted of permuting identity matrix with the appropriate shift coefficients [16]. Say B, Vm=12..j;n=12,. Kisa

P X P matrix, located at the m" block row and n"block column of H matrix. The scalar value s(m, n) denotes the shift applied

tol,,, identity matrix to obtain the (m, n)th block, B, and the rows in the | pxp identity matrix are cyclically shifted to the

right s(m,n) positions for s(m,n) e {0,1,2,..., p—1}. Let us define Sasa J x K shift coefficient matrix in which
Spa=s(Mn) Vm=12.j;n=12,k.

Similar block structured codes are found in 10-GB Ethernet standard (IEEE 802.3), IEEE 802.11n and IEEE 802.163. While the
IEEE 802.16e and IEEE 802.11n codes are irregular QC-LDPC codes, the 10-GB LDPC matrices (RS-LDPC) are defined by
permuted blocks rather than cyclically shifted blocks

B. Offset Min-sum Decoding of LDPC

A quantitative performance comparison for different check updates was given by Chen et al. [12]. Their research
showed that the performance loss for OMS decoding with 5-bit quantization is less than 0.1dB in SNR compared with that of
optimal floating point SP (Sum of Products) and BCJR. Assume binary phase shift keying (BPSK) modulation (a 1 is mapped to

-1 and a 0 is mapped to 1) over an additive white Gaussian noise (AWGN) channel. The received values Y, are Gaussian with

mean X, = *1 and variance o’ . The reliability messages used in belief propagation (BP)-based offset min-sum algorithm can

be computed in two phases: 1. check-node processing and 2. Variable-node processing. The two operations are repeated
iteratively until the decoding criterion is satisfied. This is also referred to as standard message passing or two-phase message
"
check node M to variable node N, M(N)is the set of the neighboring check nodes for variable node N, and N(M)is the set of
the neighboring variable nodes for check node M. The message passing for TPMP is described in the following three steps as
given in [12] to facilitate the discussion on TDMP in the next section:

Step 1. Check-node processing: for each M andN € N(m),

passing (TPMP). For the i" iteration, Qr(]:g is the message from variable node N to check node M, R’ is the message from

R = 50 max(xl) - 5.0). ®)
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where [ is a positive constant and depends on the code parameters [12]. For (3, 6) rate 0.5 array LDPC code, [ is computed as

0.15 using the density evolution technique presented in [12]. For more details on correction methods and different novel
implementation techniques, please refer to the APPENDIX on LDPC Min-Sum Correction Methods. The sign of check-node
(i)

message R, is defined as
o -| T sen(Q) |- @
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Step 2. Variable-node processing: for each N andm € N(n),
Q=1+ 3 Rl ®
m'eM(m)\m

where the log-likelihood ratio of bit n is L =y .

Step 3. Decision: for final decoding



A hard decision is taken by setting X =0 if P (X,)=0,and R =1 if P,(X,)<0.1f XH T =0, the decoding process is
finished with )A(n as the decoder output; otherwise, repeat steps (1-3). If the decoding process doesn’t end within predefined

maximum number of iterations, it stop and output an error message flag and proceed to the decoding of the next data frame.

max

C. lterative Synchronization of LDPC decoding

Extrinsic reliability information in the LDPC decoding process can be reconstructed iteratively with the help of the external
synchronizer in a communication system. The iterations between the LDPC and the external synchronizer block are referred as
global iterations. Each global iteration contains a set number of local iterations at the LDPC decoder. At the end of every global
iteration, the LDPC decoder exchanges the extrinsic information with the synchronizer.

= (9) — 179 _ (@)
o0 = [{9) _ 9
Where the superscript g; denoted index of global iteration. When the new Channel LLRs |:(ng') are available from synchronizer,
then the process as of step 3 with equation (6) being modified to
5 _ F@) 4 @)
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and proceed with step 1 and 2 in the next iteration.

III. PARALLEL TDMP FOR Qc- LDPC

In TDMP, the QC-LDPC with | block rows can be viewed as concatenation of | layers or constituent sub-codes similar to

observations made for AA-LDPC codes in [3]. After the check-node processing is finished for one block row, the messages are
immediately used to update the variable nodes (in step 2, above), whose results are then provided for processing the next block
row of check nodes (in step 1, above). The TDMP for QC-LDPC codes can be described using the vector equations (7-10):

Rf?]) =0,P, = L(no) [Initialization for each new received data frame],

)
Vi=12,---,0t_ [

vi=1, 2,- *+, J , [Sub-iteration loop]
vn=12,---,K, [Block column loop]
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where the vectors Fiu(,? and (jfjg represent all the R and Q messages in each P X P block of the H matrix, s(I,n) denotes the

Iteration loop]

Ith

shift coefficient for the block in I™ block row and n" block column of the H matrix. [(jl(,in) ]S(I’n) denotes that the vector (jl(,in) 18

cyclically shifted down by the amount S(I,N) and k is the check-node degree of the block row. A negative sign on S(I,n)

indicates that it is cyclic up shift (equivalent cyclic right shift). f(-) denotes the check-node processing, which can be done

using BCJR or SP or OMS. For this work, we use OMS as defined in (2-4).
Array-LDPC code specific optimizations

Thanks to the structure of the array LDPC H matrix, the cyclic shift of P, vector in each block column N can be achieved with

two configurations: (a) a cyclic down shift of N —1and (b) cyclic up shift of ( j —1)N . Layers of the H matrix are processed in
the order from 1 to J in each iteration. (a) accounts for the constant difference of shift across all neighboring layers for each

block column in array code’s H matrix and layers. And (b) takes place due to the fact that layer 1 will be processed after
processing layer ] while going to the next iteration.

Optimally Scaled Memory less Architecture
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All check-nodes of a layer can be processed in parallel with p parallel CNUs. We achieved the shifting of P, vectors in the

proposed physical-layout-driven architecture by implementing the two required cyclic shifts with wiring (and concentric layout).
The parallel layered architecture proposed for regular array LDPC codes can be easily adapted for other regular QC-LDPC codes
as well. Requirement of the supported codes is that there should be only a limited set of differences of shifts among the block
column of the regular QC-LDPC. However, in this case, the routing requirements will increase. Several research efforts are
underway to design regular QC-LDPC codes.

Semi-Parallel Architecture
For applications requiring limited throughput, it is possible to have a semi-parallel decoder using parallel CNU. In this case,

storage of P, vectors in buffers is necessary. The shifts are achieved through the combination of memory addressing and a small

permuting network of size M x M where M is the desired parallelization.

IV. VALUE-REUSE PROPERTIES OF OMS AND THE CNU MICRO-ARCHITECTURE

This section presents the micro-architecture of proposed parallel CNU for OMS. For each check nodem, Rr(n'r)]

Vne N(m)takes only two values, which are the two least minimum of input magnitude values. Since VN € N(m), 5}5"3 takes a
(i)

value of either +]lor —1 and ‘Rr(n'r)]‘ takes only 2 values, (2) gives rise to only three possible values for the whole set R,

vne N(m). In a VLSI implementation, this property can significantly simplify the logic and reduce the memory. In

procedures 1 and 2 below, consider the case of rate 0.5, (4, 8) code so that K = 8 and word length 5 for the signed magnitude
variable node messages so that there are 4 bits allocated for magnitude.
. Procedure 1: Locate the two minimum magnitude values of the input vector.

] Procedure 1.1: Find the first minimum in the input vector of length 8 using the binary tree of comparators.

] Procedure 1.2: Select the survivors by using the comparator output flags as the control inputs to multiplexes.

= Procedure 1.3: Perform log, kK —1 comparisons among survivors to find the least minimum of survivors (i.e., the second

minimum of input vector).
. Procedure 2: produces the R outputs according to (2).
Procedure 1.1 is illustrated in Fig. 1 (a). CO, C1, and C2 are 1-bit outputs of comparators. The comparator’s output is 1 if A<B
and is 0 otherwise. ‘0’ in CO notation is used to denote first level of outputs from the right and so on. C2[0] denotes the output of
first comparator (from bottom) at third level outputs from the right. A2, Al, and A0 are 4-bit magnitudes of variable node
messages Q. ‘0’ in A0 notation is used to denote first level of inputs. AO[0] denotes the 4-bit input word at the first input of first
level of inputs. A similar naming convention is used for other symbols. K1 = A0 [CO C1[C0] C2[COC1[CO]]] is the least
minimum. We trace back the survivors using the comparator outputs. At any stage of binary tree we have only one survivor. So

there would be log, K survivors. In procedure 1.2, for example in the last stage of the comparator tree the value other than the

least minimum is the survivor and no further comparisons are necessary along the tree path to the survivor. The 3 bit trace back
CO0 C1[CO0] C2[COCI1[CO0]] gives the index of K1 in the input vector AO. Next in procedure 1.3, the survivors are obtained from
the intermediate nodes of the search tree. We use 2-in-1, 4-in-1 and 8-in-1 multiplexers respectively to obtain the following
survivors: B2= A2[c0], Bl= Al[!cl c0]] and BO= AO[!c2 cl c0]. Here, !x denotes logical inversion of the bit x. The second
minimum is then obtained from these survivors as in Fig. 1 (b).

Procedure 2 is achieved in the optimized fashion as shown by the block diagram in Fig. 2. First apply the offset to K1 and K2
to produce M1 and M2. Then compute -M1 and —M2. Based on computed sign information by XOR logic(4) and index of K1,
R is set to one of the 3 possible values M1, -M1, +/- M2. Note that for shorter length codes, it will be better to store M1,-M1 and
+/-M2 , M1 index, cumulative sign as there would be some logic savings. However, for the long length codes it would be
beneficial to store the M1, M2, M1 index, cumulative sign as memory occupies most of the area in the decoder.

Table I presents the complexity comparison of parallel CNU for min-sum variants. The Parallel CNU in Fig. 2 can work as a
regular min-sum (MS) CNU if the offset modules are removed. Note that the recently published CNU work on regular MS in [5]
used a pseudo-rank order filter to find M1 and M2, which is more complex than our proposed method based on survivors [13]. In
addition, the value-reuse property is not exploited completely as Kk instances of 2’s complement adder are used and the BER
performance degradation is 0.5 dB when compared to floating point SP. Also, note that the overall decoder architecture in both
[6] and [5] are based on TPMP, while the work presented here uses TDMP as explained in the next section. Several novel micro-
architecture structures are presented in Figures 1 to 12. Depending on the speed, area and reconfigurability, the minl-min2 finder
can be built using either Partial Bitonic Mergers or Trinary trees or the adhoc circuitry (using different arithmetic, bit serial,
bitwave comparators etc.) . For higher speeds, we can use the custom circuit design for the comparators[15]. Note that while the
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check node computations (minl-min2 finder) are done on signed magnitude format, other computations in CNU and in the rest
of the decoder are done using two’s complement arithmetic. In the CNU of figure 12, the blocks abs and two’s complement can
be further simplified if the processing is done using one’s complement arithmetic. In this case, the block abs is just extraction of
magnitude bits with no additional logic and the two’s complement (which requires an adder) can be replaced with one’s
complement (simple NOT gates on bits). However the P adders and Q subtractors would be now little complex as now they have
to handle one’s complement number instead of two’s complement number. It is possible to further explore several trivial
variations for the micro-architecture, however most of these would have similar final gate counts for a given speed requirement.

V. PARALLEL ARCHITECTURE USING TDMP AND OMS

A novel data flow graph architecture is designed based on the properties of TDMP and on the value reuse property of OMS.
Define the factor of parallelization as M. The proposed fully parallel architecture is able to process M number of rows
simultaneously, where M divides p. It can also be adapted as semi-parallel architecture such that M < p. For ease of discussion
and also for the sake of relevant comparisons with the state-of-the-art works, we will illustrate the architecture for a specific
structured code: array LDPC code of length N=2082 and K=1041, j=3, k=6and p=347.

The fully layer-parallel architecture is shown in Fig. 13. The design of parallel CNUs with input vector of length 6 is described
in previous section. The CNU array is composed of p CNU computation units that compute the R messages for each block row in

fully parallel fashion. Since R messages of previous | — ] block rows are needed for TDMP, the compressed information of each
row is stored in final state (FS) register banks. Each final state register in a FS register bank contains M1, -M1, +/-M2 and index
for M1. The depth of FS register bank is j—1, which is 2 in this case. There are a total of p such register banks, each one
associated with one CNU. The sign bits of R messages are stored in sign flip-flops. The total number of sign flip-flops for each
row of R messages is K and each block row has PK sign flip-flops. We need j —1 of such sign flip-flop banks in total. A

total of p R-select units is used for Ryq . An R-select unit, whose functionality and structure is the same as the block denoted as R
selector in CNU (Fig.2), generates the R messages for 6(=Kk) edges of a check node from 3 values stored in final state register

in parallel fashion. In the beginning of the decoding process, i.e., the first sub-iteration of the first iteration for each new received
data block, P matrix (of dimensions p x K) is set to received channel values in the first clock cycle (i.e. the first sub-iteration),
while the output matrix of R select unit is set to zero matrix (7). The multiplexer array at the input of P buffer is used for this
initialization. Note that due to parallel processing, each sub-iteration (8)-(10) takes one clock cycle. So, except for the first sub-
iteration of the first iteration, i.e., from the 2™ clock cycle, the P matrix is computed by adding the shifted Q matrix (labeled as
Q"M in Fig. 3) to the output matrix R (labeled as Ryey) of the CNU array (10). The compressed information of R matrix stored in
the register banks FS is used to generate Ry for the I sub-iteration in the next iteration (8). This configuration results in
reduction of R memory by 20%-72% for 5-bit quantized messages depending on the check-node degree K for different codes.
The proposed decoder supports a fixed value of k.

The P matrix, once it is generated, can be used immediately to compute the Q matrix as the input to the CNU array since the
CNU array is ready to process the next block row, as illustrated in Equation (8). Each block column in the P message matrix will
undergo a cyclic shift. This shift is given by the amount of difference of the shifts of the block row that is processed and the
previous block row that was just processed in the previous sub-iteration. A concentric layout is designed to accommodate routing
and 347(=p) message processing units (MPU) as shown in Figure 27. An MPU consists of a parallel CNU, a parallel VNU, and
associated registers belonging to each row in the H matrix. The 2k adder units, 1 R select unit associated with each parallel CNU
is termed as the parallel variable-node unit (VNU). MPU i(0,1,2,...,346(=p-1)) communicates with its 5(=k-1) adjacent neighbor
MPUs (whose numbers are mod(i+1,p)...mod(i+5,p)) to achieve cyclic down shifts of 1,2,...,5 (=n-1) respectively for block
columns 2, 3, ...,6 (=n)in the H matrix (1). Similarly MPU i communicates with its 5(=k-1) adjacent neighbor MPUs (whose
numbers are mod(p-i-2,p)...mod(p-i-10,p)) to achieve cyclic up shifts of 2,4,..10(=(j-1)(n-1)), respectively for block columns 2,
3, ...,6(=n) as noted in section 3.

The convergence check is done on-the fly as each computation layer of M rows are processed. Every clock cycle M check
node equations are calculated. If the same hard decision bits are used in all the j consecutive layers and all the check node
equations in those layers are satisfied, then the decoder converged. The advantage of this approach is that the decoder would be
able to converge at the granularity of sub-iteration if p rows are processed together. Now if M (1 <M < p)rows are processed

together, then the decoder would be able to converge at the granularity of computation layer of M.

The only constraint on the code structure for the proposed architecture is that the H matrix should form a group of blocks and
each block should be a permutation vector of size M. This is because P messages for each block column are grouped and
accessed as a vector. And this constraint is satisfied for all the quasi-cyclic LDPC codes if M<=p and each permutation can
shown to be cyclic. For 10-GB LDPC code, this constraint can be satisfied by row-rearrangement. Construction of random
LDPC codes is shown possible satisfying the above constraint as well.

The semi-parallel architecture is shown in Fig. 14, with the requirement for P memory as compared with the full-parallel
architecture in Fig. 13. Organization for P memory and FS memory is illustrated in Figure . 15 to 22. There will be one dual-port
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P memory bank for each of the d; block columns in the H matrix because each circulant may need to have access to a different
set of P values. The P memory as a total has the bandwidth of M*dc LLRs and depth of ceil(p/M). Each bank can support a
read/write bandwidth of M LLRs. The shift value on each circulant is achieved through the combination of memory addressing
and a small permuter network of size MXM. Figures. 23 to 26 explains the shifting method and provides an example for this
shifting. The FS Memory as in Fig. 20(b) is dual port with one port for read and the other for write as well. The FS memory will
be able to read and write FS state (M1, -M1, +/-M2 and index for M1) for M rows. Note that for shorter length codes, it will be
better to store M1,-M1 and +/-M2 , M1 index, cumulative sign as there would be some logic savings. However, for the long
length codes it would be beneficial to store the M1, M2, M1 index, cumulative sign as memory occupies most of the area in the
decoder.

The proposed decoder architecture can be accelerated by further pipelining. The data path is pipelined at the stages of
CNU (2 stages), P computation, Q subtraction, R select units. Memory accesses are assigned 2 clock cycles. A pipeline depth of
10 is employed to achieve a target frequency of 400 MHz. Piepeline, however, incurs additional complexity to the decoder as
well. Note in the above case, the logic pipeline depth is around 5 and the pipeline depth related to memory accesses is 5.
Note that whenever the computation of another layer is started, it needs wait till the pipeline of previous layer is complete. This
incurs a penalty of clock cycles equal to the number of hardware pipeline stages for logic which is denoted asV . In the above
example, V is 5. Note that to avoid the 5 stall cycle penalty due to memory accesses, we propose result bypass technique with
local register cache+prefetching for P and hard decision bits similar to [18] and pre-fetching technique for FS and Qsign
memories(or equivalently pre-execution for Rold). This technique is explained in more detail in Fig 15. As a result, the penalty

for each iteration measured in number of clock cycle is j x (ceil ( p/M )+ V) .This can be significant penalty on throughput if

V is not small compares to Ceil ( p/M ) This penalty can be reduced through the following 3 options, with option 1 and 2

being favored over option 3:

1. If the shift difference for each circulant in the present layer with the circulant in the previous layer is more than N, then
the last Nj rows and first N, rows of adjacent rows are independent.

2. Processing of the N, independent rows in the current layer which does not depend on the last N, rows of the previous
row. The selection of these independent rows can be obtained by off-line row re-ordering of the H matrix.

3. Processing of rows in partial manner thus leading to out-of-order processing. If there is a row with check node degree of
dc, we can do the CNU processing for that row with what ever information available. Possible dependencies will be
resolved after the pipeline latency of the previous layer is accounted for. Essentially, now instead of using a CNU with
d. inputs we try to use a CNU with less inputs, say w. Note that in this case, the control is more complex.

Code Design Constraint
The maximum logic pipeline depth NP, that comes without any stall cycle penalty can be computed for the quasi-cyclic

codes as follows. Note that as we mentioned earlier, the pipeline depth needed for distant memory access could be dealt
with the bypass technique/result forwarding using local register cache-so we do not need to worry about number of pipeline
stages needed in the communication to and from memories to logic. One should note that we do not want to employ
pipelining of no more than 6 to 10 stages for the memory communication as we will have local register cache overhead
proportional to the number of memory pipeline stages.

If the shifts on the PXP block are specified as left cyclic shift (down cyclic shift):

AS, , = shift _diff (s(m,n) —s(m_ prev,n)) vm=12..j;n=1,2,.k
If the shifts on the PXP block are specified as right cyclic shift (up cyclic shift):
AS, , = shift _diff (s(m_ prev,n)—s(m,n)) vm=12..j;n=1,2,.k

Assume that the layers are numbered from 1 to j . If the current layer is m, denote the next layer to be processed as m_next
and the layer that was processed before layer m as m_prev. Since we are processing the layers in a linear order for the block-
parallel layered decoder, these can be given as follows. Note that for block serial decoders, we may process the layers in
reordered fashion so this may not be valid. For more details, please refer to [8].

m_prev=m-liftm>1

m_ prev=jifm=1

m next=m+1ifm< j

m next=0ifm=j

shift  diff (x,y)=x—-y if x>y
shift  diff (x,y)=x—y+pif X<y



Assume that the desired parallelization M is 1.
NPm,n = ASm,n —1if ASm,n >0
NPm,n =pif ASm,n =0

For the general case of | <M < p, the above equations can be written as

NP, = ﬂoor(ASm%I J 1 AS,, >0

NP, , = floor(%ﬂj it AS,, >0

NP_MAX _LAYER, =min(NP, ) ¥m=12..j:n=12,.k

NP _MAX =min(NP_MAX LAYER, ) Vm=12.j;

Now the number of stall cycles while processing a layer m can be computed as follows:

NS LAYER, =min(v - NP _MAX LAYER,,0)

If v is less than or equal to NP MAX | then there are no stall cycles and the number of clock cycles per each iteration is
given by

Nclk _Iteration = j x ceil(%/I )

Calculation of Pipeline Depth for option 1, general permutation matrices, and random LDPC codes
Num Last Overlapped rows, = Number of independent rows in the current layer M, which does not depend on
the last Np rows of the previous row M _ prev.

Assume that the desired parallelization M is 1.
NP MAX LAYER, =Num _Last Overlapped rows,,

For the general case of | <M < p, the above equations can be written as
NP MAX LAYER = roor(Num _Last Overlapped rows,%/I )

IfV is less than or equal to NP MAX , then there are no stall cycles and the number of clock cycles per each iteration is
given by

Nclk _Iteration = j x ceil(%/I )

Given the above equations, we can design the LDPC codes such that the NP MAX is equal or more than the
desired NP MAX . For array codes specified with the permutation blocks with the right (up) cyclic shift, the

NP MAX is givenas NP MAX :(k_%

Re-ordering of rows with in a layer for Option 2
In the case that the code is not designed to satisfy the pipeline constrain in option 1, as is the case of 10-GB LDPC codes,

802.11n and 802.16e LDPC codes, it is possible to apply a shift offset to the each layer such that NP MAX  is maximized. So

essentially all the rows in each layer may be re-ordered subject to the constraint that each block in the matrix still has groups of
M rows for the ease of parallelization as mentioned in the section “Constraints on the Code Structure”
As a very simple example, consider the array codes specified with the permutation blocks with the left(down) cyclic shift.

NP MAX = 0. However, a shift offset of down shift of p on the all the blocks in all the layer will make it the same as array
code with with the permutation blocks with the right(up) cyclic shift for the decoding purposes. In this case, we can show that

using () refer to above equations NP MAX = (k B % . However because of reordering due to shift offset, the P vales from

the buffer have to be read in a fashion accounting for the re-ordering.



Iterative Synchronization
In the case of iterative synchronization, note that the synchronizer block operates at the symbol level while the LDPC

decoder operates at the frame level. what is more, the order of computation for the E values is not necessarily in-order. So
buffering of E values is necessary. Similarly when the channel LLRs are available from the synchronizer, they need to be
buffered. The same P buffer can be used to store the E values from the global iteration. At the same time, since the synchronizer
operates at the symbol level with a small latency, to prevent the value of E from being overwritten with new P value, an
additional buffer for P is introduced. This ping-pong buffering scheme coupled with the usage of P buffer for both P and E
values enables seamless synchronization between the decoder and the synchronizer.

Furthermore, one more buffer is needed to store the chanell LLRs so that Equation (11) can be processed during the last
update of P, which would be last sub-iteration of last iteration of each global iteration for a regular mother matrix). See Fig. 18a.

We propose another variation in which we have two buffers dedicated for the decoder and two buffers dedicated to preserve
the P values from the iterative synchronization. See Fig 18.b

For another alternate implementation of using only 2 P buffers by explicit reconstruction of E values using the following
equation readers are referred to [19]. Note that R values are generated using the value re-use property of min-sum.

. I
el =Y Rl
1=1

Run-time reconfiguration

There are a wide variety of LDPC codes that the proposed decoder architecture can be re-configured at run time. A few
examples are provided to illustrate the flexibility. First of all, the parallel layered decoder naturally supports different codes with
variable-node degree. Furthermore, the proposed architecture is able support codes with varying check-node degree with two
flexible configurations: either the CNUs can be built for the maximum d; case or all the desired CNUs can be built using the
smaller blocks of Minl-min2 finders in a hierarchical fashion. Remember that one of the requirements is the number of block
columns in the mother matrix remain the same for the different codes. For the case of IEEE 802.16e and IEEE 802.11n, the
number of block columns is fixed to 24 for all the code rates, code lengths and for different circulant sizes. Even though here the
codes are irregular QC-LDPC matrices, it would be possible to support all the codes by using a parallel CNU with number of
inputs equal to 24. If there is a zero circulant, the corresponding input to the CNU is set to positive maximum, thus not affecting
the outcome of the CNU processing.

In some applications, it may be possible that the decoder needs to support different number of block columns. One example is
rate compatible array codes for DSL application, where the number of block columns can vary from 10 to 61 [19]. These codes
can be decoded with the number of P memory banks being 61 which is dictated by the maximum code length.

In some other applications, both the circulant size and the number of block columns vary. In such case, memory requirement
for P is more or less same, the banking requirement is dictated by the code having the maximum number of block columns. In
this specific scenario, alignment issues for the P memory may arise as the block column boundaries are changing while the
physical memory bounds are constant. It may happen that two LLRs may be accessed from the same memory bank.

Memory conflicts due to banking

ASD = shift _ diff (sa —sb), if two circulants are assigned to one physical memory bank and both of them are actively

processed in the same clock cycle.

ASD = 0, if only one circulant is assigned to one physical memory bank

ASD = 0, if two circulants are assigned to one physical memory bank but only one of them is actively processed in the same
clock cycle.

Here Sa is the shift coefficient of the first block (circulant) that is assigned partially or fully to memory bank of P buffer.
sb is the shift coefficient of the second block (circulant) that is also partially or fully assigned to memory bank of P buffer.

shift _diff(x,y)=x—-y if x>y
shift _diff (x,y)=x—-y+pif X<y

p is the circulant size.

Figures 20 to 22 discuss the issues involved and explains the split processing solution that can be adapted to solve the conflict
issues.
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Since the check node degree can vary for different mother matrices, to have the same throughput, it is possible to process
variable number of rows for different mother matrices. In this case, we propose the solution that the CNU (as discussed in
previous sections) can be built as highly configurable with varying number of inputs. For instance to support the mother matrices
with (dc=40 and dc=20) with edge parallelization of 350, we can process 10 rows in one clock cycle corresponding to dc=40 and
20 rows in one clock cycle corresponding to dc=20. So, we need to have 20 parallel CNUs with number of inputs is equal to 20.
In the case of split processing, we need to have 40 parallel CNUs with number of inputs equal to 10 to cater the same edge
parallelization throughput requirement and to support odd and even block column processing.

Now looking at other case in which we need more reconfigurability: for instance to support the mother matrices with (dc=36,
dc=24 and dc=12) with edge parallelization of 216, we can process 6 rows in one clock cycle corresponding to dc=36 ; 9 rows in
one clock cycle corresponding to dc=24; 18 rows in one clock cycle corresponding to dc=12. In this case, we need to have 18
parallel CNUs with number of inputs is equal to 12. If we have to support the other mother matrices with dc less than 36 and
above 24, then we still can do process only 6 rows leading to reduced edge parallelization. If we have to support the other mother
matrices with dc less than 24 but above 12, then we can do processing of 9 rows leading to reduced edge parallelization. If we
have to support the other mother matrices with dc less than 12, then we can do processing of 18 rows leading to reduced edge
parallelization. Fig 11 would give more details on the reconfigurable minl-min2 finder. Note that reconfiguration multiplexer
logic needs to be used at the memories and other processing elements as well. Similar principle can be applied for other cases in
general. This is similar to option 3 presented on page number 6. Figs. 11 and Figs 22 present the various solutions.

The block serial architecture has better run-time reconfigurability as compared with the parallel layered architecture. Block
serial architecture would be a better choice when we need to support multiple code lengths and code profiles. However, parallel
layered decoder has better energy efficiency, so it is suitable for applications where limited run-time reconfiguration is needed.

VI. ASIC IMPLEMENTATION RESULTS

Optimally Scaled Memory less Architecture

We have implemented the proposed parallel layered decoder architecture for (3,6) code of length 2082 using the open
source standard cells vsclib013 [14] in 0.13 micron technology. The synthesis is done using synopsys design analyzer tool, while
layout is done using cadence’s Silicon Ensemble tool. The chip area is 2.3 mm x 2.3 mm and the post routing frequency is 100
MHz.

However, the additional IO circuitry (the serial-to- parallel and parallel-to-serial conversion circuitry around the chip), which
is application dependent, is not accounted for in the chip area and is estimated not to exceed 15% of chip area. Note that the only
memory needed is to store compressed R messages and this is implemented as scattered flip fops associated with each CNU. The
ASIC implementation of the proposed parallel architecture achieves a decoded throughput of 6.9 Gbps for 10 TDMP iterations
and user data throughput of 3.45 Gbps. Each TDMP iteration consists of j(=3) sub-iterations and each sub-iteration takes one

clock cycle. User data throughput t, is calculated by the following formulae: t, = rate *t, = (K /N) *t, ,where {; is decoded
throughput and is given by t, =N * f / (i'[max *CClI ),where f is the decoder chip frequency and CCI stands for number of

clock cycles required to complete one iteration. The symbols it _K,and N are defined in section II. The design metric CCI is

max °
equal to the number of layers in array code i.e., j(=3). To achieve the same BER as that of the TPMP schedule on SP (or
equivalent TPMP schedule on BCJR), the TDMP schedule on OMS needs half the number of iterations (Fig. 28) having similar
convergence gains reported for TDMP-BCJR [3]. However, the choice of finite precision OMS results in a performance
degradation of 0.2 dB. 5-bit uniform quantization for R and Q messages and 8-bit uniform quantization for P messages is used. If
error floor is not a concern, then it is sufficient to set the precision for P messages to be around 2-bits higher than the precision
of R messages. The step size for quantization, A, and offset parameter, [ are set to 0.15[12]. Table II gives the performance

comparison with the recent state-of-the-art work. The design data of 0.18u process for [2] and the present work is extrapolated
based on linear scaling in frequency and quadratic scaling in area for 0.18u CMOS process. When compared to the works in [2],
[31], [9] and other published work, the work presented here shows significant gains in area efficiency for user data throughput (t,)
while having similar and good BER performance as that of [3].

Based on the same ASIC design flow in 130 nm, the area and timing estimates are presented for the semi-parallel decoder
architecture in Table III for array codes, QC-LDPC codes, 10-GB codes and IEEE 802.11n and IEEE 802.16e codes. Note that
our concurrent work on the block serial decoder in [18] is much smaller compared to the parallel layered decoder presented in
this paper. As mentioned earlier, the block serial architecture has better run-time reconfigurability as compared with the parallel
layered architecture. Block serial architecture would be a better choice when we need to support multiple code lengths and code
profiles. However, parallel layered decoder has better energy efficiency, so it is suitable for applications where limited run-time
reconfiguration is needed.
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VII. CONCLUSION

We have presented physical-layout-driven parallel decoder architecture for TDMP of array LDPC codes. We showed the key
properties of OMS such as value-reuse and survivor, and designed a low complexity CNU with memory savings of around 20%-
72%. In addition, the properties of TDMP for array LDPC codes are used to remove the interconnect complexity associated with
parallel decoders. Several design issues are discussed and novel solutions are presented to address the memory banking issues,
pipeline penalty reduction and configurable CNU design. Our work offers several advantages when compared to the other state-
of-the-art LDPC decoders in terms of significant reduction in logic, memory and interconnects.
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APPENDIX

LDPC Min-Sum Correction Methods:

In this section we present the different correction methods that are suitable for efficient hardware implementation for regular and
irregular codes for the min-sum decoding algorithm.

Method 1: OMS/NMS For regular QC-LDPC codes, it is sufficient to apply the correction for R values or Q values. See [12].

Method 2: 2-D OMS/2-D NMS: For irregular QC-LDPC codes, the normal practice is to apply the correction for R messages and
Q messages in two steps. We can use either offset or scaling method. See [17].

Method 3: 2-D NMS-gamma: Does the scaling operation to reduce the over-estimated reliability values for the irregular LDPC
codes. The scaling factor cirualant gamma is a multiple of R scaling factor alpha and Q scaling factor gamma for each
circulant. Each block row has a different alpha. Each block column has a different beta. See [17] to obtain the scaling
coefficients alpha and beta. So each circulant has a different scaling factor gamma.

Method 4: 2-D NMS-gamma offset: This is exactly similar to Method 3. However a correction factor gamma_offset that

is derived from gamma (or in a different manner either based on density evolution or experimental trials) can be applied as an
offset for the Q messages instead of a scaling factor. However for this method, the quantization needs to be of uniform
quantization with step size the integer multiples of all different offsets.

Method 5: NMS value-reuse/OMS value-reuse: For regular QC-LDPC codes, if we choose to do the correction on the output of
check node processing (R messages), the scaling/offset correction needed to be done for only two values (Minl, Min2). So for
the case of regular QC-LDPC, this is taken care in the CNU processing labeled as FS (Final State) processing.

Method 6: 1-D NMS-gamma, BN irregular: For check node regular and bit-node irregular QC-LDPC codes, it is sufficient to
apply the correction for R values based on the block column. Since we need to do scaling on R_old and R new, it is easier to
apply the algorithm transformation such that we can apply the scaling on Q messages. So each block column has a different
scaling factor gamma- and this scaling is applied on Q messages. This is essentially similar to Method 3 in terms of dataflow
graph except that gamma values are directly given by beta values instead of alpha * beta.

Method 7: 1-D NMS-gamma offset, BN irregular: For check node regular and bit-node irregular QC-LDPC codes, it is sufficent
to apply the correction for R values (as an offset correction) based on the block column. This is similar to method 6 except that
the gamma offset is used as the offset correction in stead of using gamma as the scaling factor. In the implementation, method 7
and method 4 are similar except for the way to calculate the gamma offset parameters.

Method 8: NMS-alpha, CN irregular: For check node irregular and bit-node regular QC-LDPC codes, it is sufficient to apply the
correction for R values/Q values depending on the block row(i.e. check node profile). This correction is scaling factor alpha. For
this kind of check node irregular QC-LDPC codes, if we choose to do the correction on the output of check node processing (R
messages), the scaling correction needed to be done for only two values (Minl, Min2). So for this case, this is taken care in the
CNU processing labeled as FS (Final State) processing. In the implementation, method 8 is similar to method 5 except the
correction factor varies based on the block row.

Method 9: NMS-alpha offset, CN irregular: For check node irregular and bit-node regular QC-LDPC codes,it is sufficient to
apply the correction(offset correction) for R values/Q values depending on the block row(i.e check node profile). This correction
is offset based on alpha. For this kind of check node irregular QC-LDPC codes, if we choose to do the correction on the output of
check node processing (R messages), the offset correction needed to be done for only two values(Minl, Min2 ). So for this case,
this is taken care in the CNU processing labeled as FS (Final State) processing. In the implementation, method 9 is similar to
method 5 except the correction factor varies based on the block row.

Novelty and Advantages:

Methods 1 and 2 are the standard ones.

Methods 3, 4, 6, 7, 8 and 9 are novel. They are Dbest suited for irregular LDPC codes.
Method 5 is novel. This is best suited for regular LDPC codes.

Methods 3, 4, 6 and 7 are similar in data flow graph. The correction needs to be applied on only one type of messages as the
algorithm transformation makes two-step one-time 2-D correction as one-step one-time 2-D correction. In fact, the main
advantage is in letting the use of compressed messages (Minl and Min2) for R messages without any correction as the correction
is done on Q messages. These Q messages are computed on-the-fly based on R_old and R_new in the layered decoder. Had the
correction needed to be done on the R messages, then the correction should have been applied two times, one for the R _old and
another time for R_new messages.
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Methods 3 and 6 are similar in data flow graph and in implementation using a new scaling method based on gamma. Methods 4
and 7 are similar in data flow graph and in implementation using an offset correction based on gamma. Methods 1, 8 and 9 are
similar in data flow graph and in implementation using the FS processing to apply the correction. The correction can be scaling
or offset and needs to be applied only on 2 values.
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Figure 6: Min1-Min2 finder using Trinary tree
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Figure 10: PBM4+ Implementation based on rank order filter
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The M1_M2f4 finds the M1,M2 and M1 index of the 4 inputs a0,al,a2,a3.
Similar notation: M1_M2fX finds M1,M2 and M1 index of the X inputs

Shown here: Using 8 M1_M2f10s and 4 PMB4+s to have 4M1_M20s.

Using 8 M1_M2f10s to have 8 M1_M2f10s
Using 8 M1_M2f10s and 8 PMB4+s to have 2M1_M40s.
Reconfiguration multiplexers are not shown.
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are not shown.
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Figure 13: Reduced Memory Parallel architecture for layered decoder.
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Figure.14: Semi-Parallel architecture for layered decoder. (Simply referred as parallel architecture)
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Note that there is a feedback path from CNU output to the input. This would introduce pipeline
penalty if there are pipeline stages in the hardware. We propose the solution to handle the
pipeline issue in a 3-way solution:

1. Pre-execution of Rold messages/Pre-fetching of FS memory and sign registers to enable
timely calculation of Rold messages
2. Caching of P message and Harddecision messages in local register cache near the logic

3. Enforcing independence: 3.1. If the shift difference for each circulant in the present layer
with the circulant in the previous layer is more than N, then the last N, rows and first N, rows of
adjacent rows are independent.

3.2 Processing of the N, independent rows in the current layer which does not depend on the last
N, rows of the previous row. The selection of these independent rows can be obtained by off-line row
re-ordering of the H matrix.

3.3. Processing of rows in partial manner thus leading to out-of-order processing. If there is a row
with check node degree of d;, we can do the CNU processing for that row with what ever information
available. Possible dependencies will be resolved after the pipeline latency of the previous layer is
accounted for. Essentially, now instead of using a CNU with d inputs we try to use a CNU with less
inputs, say W. Note that in this case, the control is more complex.

Figure 15: a) Semi-Parallel Architecture, Pipeline solutions
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Note that there is a feedback path from CNU output to the input. This would introduce pipeline
penalty if there are pipeline stages in the hardware. We propose the solution to handle the
pipeline issue in a 3-way solution:

1. Pre-execution of Rold messages/Pre-fetching of FS memory and sign registers to enable
timely calculation of Rold messages

The FS Memory and Qsign memory organization is shown in Fig. 15. Note that we can merge
FS register file and Qsign register file as one wide register file as they have the same
addressing and same organization. Whether these memories are implemented as registers/
register file/SRAM will depend on the memory depth requirements.

Depending on the code length and rate, these memories may be bigger and may be located
far from the computation logic. While processing a group of M rows in the layer |, we need the
R messages of that group of M rows in the same layer |, corresponding to previous iteration.
Since the min1,min2 and minl index along with the sign information is already available in the
memories at least one iteration back, we need to prefetch them from the memories/register
files x clock cycles ahead of when they are actually needed. Here x is the number of pipeline
stages(or number of flipflops) between the FS register file and R select logic that is used for R
old computations.

So here the number of pipeline stages for FS register file and Qsign register file could be
arbitrary set as per the place and route timing requirements, without introducing any stall
cycles. Here, in the above scheme of pre-fetching, the pipelining stages are inserted for the
memory contents.

One variation of the above scheme is pre-execution of R old messages: instead of inserting
the pipeline stages from the Rold computation logic to the memories,Rold compuatuion logic
is moved close to the FS and Qsign memories. Rold messages are computed well in-
advance of the time when they are needed as pipelining on Rold messages is now needed. In
this case, we need more pipeline stages as the total width of dc R messages is more.

Fig 15.b Semi-Parallel Architecture, prefetch and cache
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Note that there is a feedback path from CNU output to the input. This would introduce pipeline penalty if there are pipeline stages in the
hardware. We propose the solution to handle the pipeline issue in a 3-way solution. 2n part of the 3-way solution is
Caching of P message and Harddecision messages in local register cache near the logic +prefetch mechanism for the data that was
present in the memory already.
The P Memory and hard decision memory organization is shown in Fig. 15. Note that we can not merge these two memories. The P
memory is double buffered for the input interface and the decoder. The hard decision buffer is double buffered for the output interface and
the decoder. Whether these memories are implemented as registers/register file/SRAM will depend on the memory depth requirements.
The P memory is one of the biggest memories in the decoder and we need as many as dc memory banks of P memory. So this memory
needs to be located far from the logic. Now there would be several pipeline stages may need to inserted on the read path and write path .
Assume that there are 3 pipeline stages on the read path and 3 pipeline stages on the write path.
The prefetch mechanism is similar to the mechanism described for FS memory. This would eliminate the 6-clock cycle penalty for each
access during normal processing.

However, now there would be a 6-clock cycle penalty when we process the next layer after the current layer (i.e. for each layer we need 6
stall cycles) due to the dependency of some rows in circulants of adjacent layers (i.e the check nodes of some of the rows in two layers
have the connection to same variable node edge -so the P value that is just computed is needed for some of the processing in the next

layer) To avoid this penalty, the P messages that were computed in the last 6 clock cycles are stored in a register cache that is very near

to the processing unit. Note that the register cache’s filling and replacement policy is a simple First-in-First-out mechanism. So this could
be implemented as serial in- parallel-out shift register or as a bank of registers with multiplexing and demutiplexing network. Note that the
read access could happen from any of the 6 registers. Note that to avoid power dissipation issues, we just would implement this as a chain
of registers.
Note that these additional cache registers need to be added for each memory bank of P for simplicity . Also the tag location of this cache
needs to have the write address of P value.

We propose the optimal choice also. We could have a varying number of pipeline stages for each P memory buffer depending on its
distance from logic. For instance, if a P memory bank is near to logic, we may need only one pipeline stage on read path and one pipeline
stage on write path. In this case, the P cache need to be of only 2 locations deep.

Similar solution could be applied for hard decision memory.

Note that there are several variations possible to implement the above bypass functionality. However the novelty of the solution proposed
is in using the bypass functionality

Fig 15c. Semi-parallel architecture, bypass/forwarding with register cache
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We propose the optimal choice also. We could have a varying number of pipeline stages for each P memory
buffer depending on its distance from logic. For instance, if a P memory bank is near to logic(In the above
example, P mem bank 9 ), we may need only one pipeline stage on read path and one pipeline stage on write
path. In this case, the P cache need to be of only 2 locations deep.

For the P Mem bank12 we may need two pipeline stages on read path and two pipeline stages on write path.
For P mem bank 1, we may need three pipeline stages on read path and three pipeline stages on write path.
Note that the actual number of pipeline stages for each memory bank of P and Harddecision buffer are thus
dependent on the placement of these buffers.

As mentioned earlier, if we do not want to wait for the place and route data and want a sub-optimal soultion, we
can choose same (i.e 3 pipeline stages for read and 3 pipeline stages for write) for all the memory banks.

_—— > Global wires
(long wires)

P Mem bank 12
If the parallelization is M rows, then each register contains M values of P. For the case of
M =4, circulant size p=512,dc=36 _and P width 8 bits, the P buffer for each of 36 block / /

columns is thus organized as 128x32 bits. For the P Mem bank12 we may need two
pipeline stages on read path and two pipeline stages on write path. So we need to have
the cache depth of 4.The P register bit width is 32 bits. The tag register width is 7 bits as it
contains P write address (that varies from 0 to 127).
Note that we have cache of 4 locations deep and each location consists of one P register
and one tag register. The cache is serial-in-parallel-out shift regiter.
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Fig 15d: Semi-parallel architecture, bypass/forwarding with register cache, details
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Figure 16: Memory organization-when support for iterative synchronization/equalization is needed.
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Figure 17: Memory-organization of the parallel layered decoder for -IEEE 802.11n LDPC codes. Same organization would hold good for IEEE 802.16e LDPC
codes.
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Figure 18:a) Double buffering scheme for P buffer. Use of additional buffer to preserve the channel LLRs that come at the beginning of each global iteration. In
the proposed scheme, note that same P buffer is optimally used to reconstruct the extrinsic information that need to be sent to outer synchronization/equalization
loop.
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Note that we use two buffers for the decoder processing. These two buffers would serve the double buffering purpose. Note that these memories are constructed such
that there are several memory banks one for each block column. The total capacity of each buffer would be equal to the code length(dc*p for the regular mother
matrices). The bandwidth of each P buffer(P buffer 1 and P buffer 2) is atleast M*dc LLRs
For the communication with the synchronizer/turbo equalizer, we need lean memories as the synchronizer communicates at the symbol rate. We need two deeper
memories here(P old buffer 1 and P old buffer 2). Note that these memories are more efficient as these are configured with memory bandwidth of 2 to 10 LLRs and
deeper depth of dc*p/2 to dc*p/10 Note that the P value from synchronizer/turbo equalizer at the beginning of each global iteration is preserved in one of these buffers
in a ping-pong double buffering fashion till the end of the global iteration. At the end of each global iteration, the P old values are read to be used in the computation
of Esync value- while at the same time the location that holds the P old values could be overwritten with the new P value from synchronizer/iterative synchronizer.
Similarly one of the P buffers is used completely for the decoding(i.e serves as P memory/buffer for the decoder as shown in Fig. 1) , other P buffer supplies the P
values at the end of each global iteration to be used in the computation of Esync value- while at the same time the location that holds the P values could be overwritten
with the new P value from synchronizer/iterative synchronizer.

Figure 18:b) Double buffering scheme for P buffer+ Double buffering to preserve the channel LLRs that come at the beginning of each global iteration
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Note that when considering the values of N this should correspond to the maximum value of the code length of all the codes that are supported.
Note that when considering the values of dc this should correspond to the maximum value of check node degree of all the codes that are supported.
Note that when considering the values of (N-K) this should correspond to the maximum value of rows in the H matrix of all the codes that are supported.
M is the desired row parallelization.
Number of P memory banks, Np= Maximum number of block columns (for regular mother matrices, this is the same as dc_max)
Width of each memory bank w= M LLRs= M* word length of P bits
Depth of each P memory bank is given as p_max (maximum circulant size)
This scheme would work best a)when the number of block columns are fixed for all the codes supported or b) when the block(circulant) size is fixed. In both these
cases, there would be no memory conflicts due to banking.

Another solution would be to enforce the circulant sizes of different mother matrices to be related and have variable memory depths. The optimization can be done
such that we have two or more sets of memory banks. There are variety of criteria that can be applied in deciding the memory organization. However the main idea is
to have multiple number of memory banks with different memory depths, such that all the mother matrices can be supported without any banking conflicts. One
simple scheme is discussed below:

In one set: the number of memory banks in this set(Nb1) are equal to atleast the maximum value of dc. The depth of these banks is set around the maximum circulant
size corresponding to the mother matrix which has check node degree equal to 1/2Nb1+1/4Nbl1= 3/4Nbl
In second set: the number of memory banks (Nb2) are roughly equal to Nb1/4, the depth of the memory banks equal to the maximum circulant size of all the mother
matrices.

As an example, consider 5 mother matrices, (dc=20, p=1024; dc=25, p =700; dc=28, p=650; dc=30, p =600; dc=35, p= 128).

In this case, we want to have Nb1=max(dc)=35. The depth of the banks in this set should be equal to roughly around 700 (as 3/4Nb1 is 26.25 which is around 25.
The circulant size corresponding to dc=25 is 700) . So we want to have 35 memory banks each of depth 700.

For the second set, we want to have 9(~=35/4) memory banks each of depth 1024. It is easy to verify that we can support the memory bandwidth and depth
requirements for all the above 5 mother matrices with the above scheme and some additional multiplexing network. Note that the above solution increased the
memory bits requirements by roughly 50% in this example. However it is possible to decrease this overhead slightly by removing/altering the mother matrix
corresponding to (dc=28, p=650)from the supported mother matrix list, In this scenario, in the set of Nb1(=35) memory banks, the depth of each can be set to around
600. In the second set, we still have 9 memory banks of depth 1024. So by constraining the dc and p of each mother matrix supported, we can arrive at a memory
organization which has small additional overhead.

Figure 19: More on P memory organization and FS memory organization
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Example: A layer with Block(circulant) size (p) is 5 and check node degree (j or dc) of 4. P buffer size(d) is 4 (i.e. stores
P values corresponding to 4 adjacent columns). There are 4 blocks in the layer and 5 P buffers assigned to them.

If there were 4 P buffers each of size 5 assigned to 4 blocks in the layer, then there would have been no issues.
However, since this is not the case, there would be memory collisions as two read accesses or two write accessed are
issued to the same memory bank. Note that the P memory bank is a dual port (one read port and one write port)
memory. Also note that it is not possible that the write port can not be used as a read port and vice versa as the memory
access requirement for each block per each clock cycle is one read and one write access. If there is no pipelining, then
the P values for a row are read, updated and written back in the same clock cycle.

Number of conflicts per each physical bank = ASD if ASD < (p-d)
= p-d if (p-d)< ASD< (2d-p)
d-ASD if (2d-p)<ASD<d
= 0if d<ASD<p
In the above example, the ASD for physical banks are 0,3,2,3,0 respectively for the physical
banks of 1,2,3,4 and 5. And the value of p-d is 1.

Note that one memory conflict in a physical bank will lead to one stall cycle in the decoder. If there are more than one physical banks
has a conflict due to banking, and these conflicts are in different groups of M rows, then there will be as many stall cycles as the
memory conflicts. If M is 1,(i.e. one row is processed each clock cycle), then the number of stall cycles due to banking in the
decoder are 3 for the above layer. If M is 3,(i.e. maximum of 3 rows are processed each clock cycle), then the number of stall cycles
due to banking in the decoder are 2 for the above layer.

Figure 20: Memory conflicts due to banking



I
14

Num_Conflict. ASD

p-d —

T T T " AsD
0 p-d 2d-p d p-1

Number of conflicts per each physical bank (Num_Conflict_ASD) = ASD if ASD < (p-d)
= p-d if (p-d)< ASD< (2d-p)

d-ASD if (2d-p)<ASD<d

0 if d<ASD<p

We propose two solutions to decrease the number of conflicts for the quasi-cyclic codes:

1. Decrease the physical memory depth and increase the number of physical buffers. Enforce the ASD of blocks to be ideally between d
and p-1. If not possible, ready to take a hit of memory conflicts for the physical bank with the offending ASD as given in the above
equation.

2. Do the split-processing of a row into two phases viz. even block-column processing and odd block-column processing. This processing
schedule will always guarantee that the ASD for each physical bank is ZERO as even though two circulants (blocks) are assigned to same
physical bank, only one of the circulants(blocks) is active at one clock cycle. This means that we will take 2 clock cycles to process each
row: In the first clock cycle all the values that correspond to odd columns are processed. In the second clock cycle, all the values that
correspond to even columns are processed while using the results from the processing of odd columns.

Note that in all our discussion, we assume weight one blocks, i.e. there is at most one “1" per each row of the block. However the
permutation in each block can be random M x M, algebraic or quasi-cyclic.
For the random LDPC codes with M-grouping and 10-GB codes, a metric similar to ASD can be developed. However note that due to
absence of quasi-cyclic nature it is difficult to arrive at a closed loop formula for the number of conflicts per each physical bank . More
over, the resulting function is not monotonic and it would be random function. For the reason of not having any monotonic increasing/
decreasing function, the solution 1 is difficult to implement. However solution 2 would still be valid as it does not assume any thing about
the permutation nature of the circulants (blocks).
[In the case of weight-2 blocks, the memory bandwidth requirements have to be doubled.]

Fig 21: Conflict relation and Proposed Solutions



43

shiftl shiftl

P
yem ) em
masay maRes —» N
Sy It — s
d ii : i ii : i FS_new — > — FS_old

Crbact HiET | Ceil(N-K)/2M)

@ P

) PShIﬂZl _>|:

M
p shift2 )
0 de-1

(a) P memory organization L
(b) FS memory organization.

Each memory word stores the FS for M rows.
For shorter length codes, it will be better to store
minl,-minl and +/-min2 , minl index, cumulative
sign as there would be some logic savings.
However, for the long length codes it would be
beneficial to store the minl,min2, minl index,
cumulative sign as memory occupies most of the
area in the decoder.
Note that when considering the values of N this should correspond to the maximum value of the code length of all the codes that are supported.
Note that when considering the values of dc this should correspond to the maximum value of check node degree of all the codes that are supported.
Note that when considering the values of (N-K) this should correspond to the maximum value of rows in the H matrix of all the codes that are supported.
M is the desired row parallelization. We do the split row processing (i.e process all the even block columns of 2M rows in one clock cycle and all the odd block
columns in another clock cycle) to remove the memory conflicts due to overlap of block in one physical memory bank.
Number of P memory banks, Np= dc_max
Width of each memory bank w=2M LLRs=2M* word length of P bits
Depth of each P memory bank is given as N_max/(Np*w)
In the implementation which does not employ split-processing, the depth of each P memory bank is given as p_max(i.e. maxium circulant size) while the number of P
memory banks is still dc_max. In the situations where p_max corresponds to a code which has the least value of dc (say dc_min) and if we do not want any conflicts
due to the bankins, then the overhead in memory is (dc_max-dc_min corresponding to p_max)/dc_min*100%. The split processing scheme eliminates this memory
size overhead completely and at the same time removes the conflicts due to banking. Another variation of the above scheme would be limit the split processing for
memories only(i.e. read 2M rows in odd block columns in one clock cyle and read 2M rows in even block colums) and normal logic processing(i.e. M rows in all the
block columns are processed in full).

Fig 22a: Memory banking for Split processing (i.e. alternate odd and even block column processing)



In some cases, we would like to have reconfigurable row parallelization- but around the same or less edge parallelization. One such
example is for mother matrix with dc=20, we want to process 10 rows to have an edge parallelization of 200. For dc=40, we want to
process 5 rows to have an Edge parallelization of 200. Now the maximum number of P memory banks is 40 and each bank has a
bandwidth of 5 LLRs. This memory arrangement can supply the desired memory bandwidth for both the cases of dc with out any issues.
For the case of dc=40, one physical memory bank is assigned to each block column. For the case of dc=20, two physical memory banks
are assigned to each block column.

Now let us look at more tricky case: mother matrix with dc=33, p= 756 we want to process 6 rows to have an edge parallelization of 198.
mother matrix with dc=22, p=1020 we want to process 9 rows to have an edge parallelization of 198.

Now the maximum number of P memory banks is 33 and each bank has a bandwidth of 6 LLRs. For the case of dc=33, one physical
memory bank is assigned to each block column. For the case of dc=22, there would be more than one block column assigned to one
physical memory bank and more than one physical memory bank is assigned to one block column.

Now there are 3 solutions in this context:

1. Assume that we can afford 33 memory banks with the depth of 170(=1024/6) LLRs. In this case there is no issue of ASD due to
memory banking for both the cases of dc=33 and dc=22. However now it may happen for the case of dc=22, we are requesting upto 9
LLRs (more than the maximum bandwidth, 6 LLRs of each memory bank). One solution to handle the bandwidth issue is to distribute the
LLRs of 2 adjacent block columns into 3 physical memory banks. The numbers 2 and 3 come from the ratio of 22/33=2/3. The distribution
is such that 3 LLRs of block column 1 (of indices i, i+3,i+6) are stored in physical memory bank 1 at address 0
3 LLRs of block column 1 (of indices i+1, i+4,i+7) are stored in physical memory bank 2, at address 0
3 LLRs of block column 1 (of indices i+2, i+5,i+8) are stored in physical memory bank 3, at address 0
3 LLRs of block column 1 (of indices j, j+3,j+6) are stored in physical memory bank 1, at address 0
3 LLRs of block column 1 (of indices j+1, j+4,j+7) are stored in physical memory bank 2, at address 0
3 LLRs of block column 1 (of indices j+2, j+5,j+8) are stored in physical memory bank 3, at address 0
Here | and j are the addresses of P values from block column 1 and block column 2 respectively that are needed to decode the first 9 rows
of the first layer. So the values of | and j obviously depend on the shift coefficients of adjacent circulants in the same layer.
However note that in layered decoding, we want to use only one copy of P memory for the shifting purposed as explained in Figs. 24 to
Figs. 26- this enforces almost in-place writing and reading(i.e. when a memory location for a circuant is read, it is written almost at the
same spatial location [at +/-1 (modulo circulant size) location] . And since for each layer, the shift coefficients of adjacent circulants will
differ (i.e the spatiality for each ciruclant would differ) and the need to maintain same spatiality due to delta shift on P buffer would
complicate this approach.

2. Same above solution for reconfigurable bandwidth could be applied for the first solution of two solutions to decrease the number of
conflicts for the quasi-cyclic codes due to memory banking.

3. For the context of split processing (odd-even block column processing), instead of processing 18(2*M=2*9) consecutive rows, we can
process such that we need 12 consecutive rows from one of the memory banks(odd/even) and 6 consecutive rows from another of the
memory banks(even/odd). Another variation would be: we can process such that we need 9 consecutive rows from one of the memory
banks(odd/even) and 9 consecutive rows from another of the memory banks(even/odd). This approach is better than solutions 1 and 2
above.

Fig 22b: Memory banking for reconfigurable memory bandwidth
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While reading the P values for a block column, the values are
read and shifted with a value of s1. When the values are
updated, they were written back to the same physical memory.
The P values need to be read again with a shift value of s2.

In the example, the circulant size is 32. If all the 32 values of P
are processed at the same time, there is no need of writing the
P values into same locations from which they were read. We
write the new P values with a shift value of s1- and we apply a
delta shift of (s2-s1) when we need to read again(].

If M (1<M<p) values are processed per one clock cycle, then
the new P values are written back with a shift value of sl1-
floor(s1/M). So when reading the P values which has to go
through a shift of s2, we apply a delta shift of (s2-s1+floor(s1/

M)

Figure 23: Generic Description for P buffer shifting method for the layered decoder
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Computation Blocks with

application.
M=4 bp

per memory word. So the
physical memory organization
has 8 words of 32 bits.
This memory bank is
configured as one read port
and one write port each Group them as bus(no
having a bandwidth of 4 physical logic) to be
LLRs(i.e. 32 bits). Based on written to P memory
the size, we will make this as bank
a register file or SRAM.

Figure 24: P buffer shifting method for the layered decoder, implementation using additional special registers to avoid overwriting issues. M=4 assumed.
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Figure 25: P buffer shifting method for the layered decoder, implementation using one additional location in the P memory buffer to avoid overwriting issues.
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P Memory Bank.
Organized as 4 LLRs per
memory word. So memory
depth is 8+1 locations. 4
address bits are needed to
address the memory.
Assuming 8 bits per P value, it
would be 32 bits per memory
word. So the physical memory
organization has 9 words of
32 bits. One additional
location is allocated such that
needed values in the location
that is first read are not
overwritten as these may be
again needed along with the
last read.

This memory bank is
configured as one read port
and one write port each
having a bandwidth of 4
LLRs(i.e. 32 bits). Based on
the size, we will make this as
a register file or SRAM.

M=4 assumed.

The first location that is read from P memory ban is not overwritten. This value will be kept till the computation on entire P memory
bank is finished as some of these values may needed in the last read from the P memory bank. As an example assume a shift of
3, then the values of P at locations 0,1 are needed along with the values of P at locations 30,31 in the last read. So when writing
the values of P, we will start writing into the locations starting from 9,2,3,4,..8. So when P values are again need to be read, the

location 1 has to be mapped to location 9.
Now assume that a shift of 7 is needed on the P memory bank. Since the P values are stored with a shift offset of 3(3-floor(3/
2)*4), we need to apply a shift of 4=(7-3). So we need to start read location 2,3,4,5,6,7,8 and 9. When the P values are written
back, they will be written to location starting from 1(this is the location that is read first time in the previous shift operation) and
then 3,4,5,6,7,8 and 9.

Read
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Figure 26: Illustration of shifting by the combination of memory addressing and permuter for the example of shifting down by 2 for M=4 and k=32. P buffer
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on the entire P vector of size 32 is complete

28

29

30 | 31

49

shifting method for the layered decoder, an example to illustrate the shift of 30 on the P memory bank containing 32 values. M=4 assumed. Note that there is one

clock cycle latency in the beginning of the shift process, as values from two locations may be needed. This latency is absorbed in the pipeline for the later

acCCesses.
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