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Abstract

System on Chips (SoC) targeted for high performance network applications
such as Internet routers, require low latency memories combined with large
storage capacities to maintain high throughputs and fast packet forward-
ing capabilities. To meet these demands, Dual Port SRAM (DP-SRAM)
consisting of 8 transistors (T), are integrated into the SoC. However in
contrast to 6T Single Port SRAMs (SP-SRAM), DP-SRAMs suffer from a
limited performance, large area consumption, read-write instabilities and
constraints regarding the memory capacity. In this paper an SP-SRAM
based memory architecture is proposed which is able to execute two reads,
one write or alternatively one read and one write within a clock cycle by
combining a dedicated memory bank for XOR calculations with a Mem-
ory Association Table (MAT). In comparison to DP-SRAM the new design
shows an improvement of 21%, 11% and 5% in access time, cycle time and
power reduction for a 20% chance of contention respectively for a memory

capable of storing 1024 words of 64 bit depth each.
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Introduction

Core routers are the key element of the Internet forwarding packets to their destina-
tions. Due to the exponentially increasing volume of traffic especially at the dawn of

Internet-of-Things (IoT), these routers are equipped with specialized high performance

networking [System-on-Chip (SoC)| to maintain quality of service(l). Apart from a fast

decision logic and [Lookup Table (LuT)| determining which route a packet should be

forwarded to, packets need to be stored temporarily in case a particular route is con-
gested. To cater to the demand of fast transmission speeds and low latency, the SoCs
are therefore equipped with specifically designed memory components in the form of

SRAM] in order to optimize system performance(2]).

Within the [SoC| the memory needs to fulfill very different tasks. For instance, the

packet buffer is implemented as a [First-in First-out (FIFO)| and characterized by a

storage capacity of several megabytes(3]). Since the buffer is in the path of traversing
packets, a high throughput needs to be achieved. The packet buffer consists of multiple
such as Virtual Output Queues (VOQ) where a packet buffer holds one for
each output queue in a shared memory router(4)). It is possible that successive arriving
packets belong to different queues and depart in a different order than their arrival.
Thus, the packet buffer processing memory should essentially be a 2R, 1R-1W type of
DP-SRAM to facilitate [FIFO] handling with improved efficiency and low latency read.
From figure packet PO arrives which needs to be routed to port 0 and is written
into the FIFO. In the next cycle, PO has to be read from port 0 however, it is blocked

due to insufficient output port resources i.e. the port is already experiencing packet
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congestion. PO cannot be routed at the moment and is still in the packet buffer. In
the same cycle P1 arrives and needs to be routed to Port 1 and is written into FIFO
joining P0O. The router keeps on checking for port 0 to become available. Port 0 and 1
become available in the next cycle and PO and P1 can be forwarded at the same time
to different ports because of the 2R facility in the buffer design. Next, P2 arrives and

is forwarded to Port 2 in the following cycle.

PO
— —
T
P1
— PO |
T 1W T RO
» PO
P2
> P1 PO ,
P1
Fow Tar oo
P2 » P2

vt

Figure 1.1: Routing of packets using a 2R, 1R-1W packet buffer

These requirements are in contrast to the which checks the destination ad-
dress of each packet against a physical output port of the router. This access is read
dominated, since these are rarely updated(5). However while the destination is
looked up, the packet is stalled which increases its latency. To minimize this bottleneck
the for the is optimized for low-latency random access and short access

times.



Multi-port memory, such as [Dual-Port (DP)| memory, unlike its [Single-Port (SP)|

memory counterpart, is generally characterised by its ability to access the memory on
one port while concurrently reading or writing data to the memory on another port.
Hence, the [DP] memory is provided with two independent sets of address, data, and
control lines. [DP-SRAM] allows a parallel access to the memory in contrast to
[port Static Random Access Memory (SP-SRAM)| where the read-write operations are
forced to be sequential. Classically, [DP-SRAM] designs have been implemented with a

dedicated wordline and bitline for each port. The area of the memory is dominated by
the number of metal lines (wordlines and bitlines) running through it, thus, duplicating
them results in significant increase in the silicon area in comparison to a [SP-SRAM]
However, higher throughput is achieved with increasing number of access ports of the
(IEI). Although memories with more number of read and write ports are essential
for high throughput applications requiring parallel architectures, their implementation

area and cost are high and thus, are used sparingly in designs.

Figure 1.2 shows a schematic of a [6 Transistor (6T)|[SP-SRAM]|cell. The transistors
M5 and M6 are pass transistors which aid in accessing the bit stored in the back-to-back
latches formed by the transistors M1-M3 and M2-M4(7). For higher cell stability of the
[SP] cell, the width of the pull-down transistors M1, M2 should be the largest and the

WL

VDD

w b I

® 4 M6
M5 ® 1
_ Mi } } M2
BL ] BL
L

Figure 1.2: A conventional single-port [SRAM] cell
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pull-up transistors M3, M4 should be the weakest. The BT|2RW]|DP]cell is an extension
to the[6T] cell with two additional pass transistors and a dedicated wordline and bitline
for each port as shown in figure[I.3] This cell can process the access requests from the
two ports in a single memory clock cycle independent of each other(8). The
cell has greater flexibility than |[I Read - 1 Write (1R-1W)| cell (shown in figure [2.1])
because it is capable of performing 2 reads, 2 writes or 1 read-write simultaneously in
a single cycle. An alternative [[R-IW]|RT|[DP-SRAM] cell, illustrated in figure is a
slight variation of the cell and has a separated write and read only port. This
cell has the advantage of a lower width of the pull-down transistors M1, M2 which helps

to get a considerable improvement in read and write margin. Read and write margins
can be defined as the lowest wordline voltage at which read or write operations can
take place. However, this cell can only perform a concurrent read-write operation in a

single memory clock cycle.

The additional access port in [DP-SRAM] comes at the cost of reduced density,
read-write stability issues and increased read-write power. Because of the simultaneous
access of the two ports, the spends much more power due to charging and
discharging of two pairs of bitlines during each cycle, when the two ports simultaneously
access the memory at the same frequency. As a result of device scaling, increased thresh-
old voltage (Vi) variation of transistors due to random dopant fluctuations degrades
the operating margin of embedded [SRAM] with a subsequent performance reduction at
minimum supply voltage (VDDyyin). In addition, the VDD, of is more
vulnerable to such variations than that of [T|[SP-SRAM] due to its dual-port access
behaviour(9)). Practically, the VDD, of is higher, when both the ports
concurrently access cells in the same row. This is called the ¢

Also, if both the wordlines (WL1, WL2) in figure are triggered simultaneously, the

storage node of one latch cannot be immediately discharged to ground level because of

‘read-stability issue”.

the disturbance from the other bitline BL2(10). In this case the storage node retains
the previous data even after the wordlines are deactivated, resulting in a write failure.

This is called the “write-stability issue”.

DP-SRAM]| with concurrent [LR-1W| or alternatively dual-read (2R) capabilities in
the same clock cycle can meet these challenges. However, a conventional BT|DP-SRAM]
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Figure 1.3: An dual-port cell

cell supporting 2 concurrent read and write accesses , suffers from various draw-
backs such as limited performance, large area consumption, read-write stability issues
when a read/write operation is executed in the same row, and constraints in available
memory capacity (IT)). In this work, an architecture is introduced using multiple
[SP-SRAM]in its core allowing or 2R accesses within the same clock cycle satis-
fying the requirements of packet buffers and [LuT] In addition using[SP-SRAM]to mimic
the behavior of [DP-SRAM] avoids the read-write stability issues and results in larger
memory capacities available with higher operating frequencies(12). The architecture is
described in detail in section 3 after introducing related work in section 2. In section
[] the performance, power and area results are compared between [DP-SRAM] selected
proposals found in literature and the proposed architecture, while section 5 concludes

the paper.
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Related Work

Several techniques have been proposed in literature targeting the broad range require-
ments for memories in networking applications. (1) introduces a dual-port 1-read, 1-
write memory, which significantly reduces the probability of congestion at the bank and
architecture levels. In this work a two-port bank design in addition to the two-port cell
design supports the large bandwidth and bank parallelism critical for high-performance
networking applications. The performance of this memory is benchmarked using queu-
ing theory and statistical information obtained by processing network packet traces

using Packet-Bench(13).

An alternate approach is to modify the structure of the [8T]cell itself and add write-
assist or read-assist schemes to overcome the stability issues as proposed in (9} [14]).
Read and write assist schemes such as Bit Line Equalizing (BLE) and Shifted bit line
access are implemented into the cell to minimize the timing skew be-
tween the activation of both word lines (WL) and support simultaneous port access
by including BLE switches(8). The activation of the write-port WL before the read-
port WL causes a positive skew, leading to a write disturbance. Adding a write-assist
cell (WAS8T) at the top and bottom edges of a cell array can eliminate
the write-disturbance especially for high-speed (short WL pulse width) applications(9).
However, this further increases the cell and design complexity resulting in higher area

and power requirements of the overall memory system.
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In (I5) the traditional [8T|[DP-SRAM] cell is altered to address the aforementioned
instabilities. The functionality is reduced to support a 1R-1W operation only
resulting in a reduced width of the pull-down transistors M1 and M2. Therefore a

considerable improvement in read and write margins has been observed(16).

RWL

WWL RBL

VDD

w 1Dy 10 [

® } M5

o [

T =
Figure 2.1: An 1R-1W cell

Instead of manipulating SRAM cells, a pseudo [DP-SRAM] can be implemented
on an architectural level by operating a [6T] SP-RAM at double the frequency of the
external clock(I7). While this pseudo [DP-SRAM] is externally clocked only once, a

concurrent read-write operation in which the read is followed by the write, is executed

internally on the SP-SRAM. This technique greatly reduces the area required for the
memory compared to an actual [DP-SRAM] of same capacity. However it also reduces
the maximum achievable external operating frequency. For further information refer

to Appendix [A]

In (I8) a replication based technique is proposed in which the banks are
instantiated several times. Two concurrent operations are then executed on different
memory banks. An additional memory is updated to indicate which bank contains the
recently written data. While this approach does not assume an external clock at half
the possible memory clock, the replication increases the area requirements. In addition

only half of the total memory capacity is used at any given point in time. For further



information refer to Appendix [B]

(19) introduces an inverted exclusive OR (XOR) based approach for a multi-read
memory design utilizing a 4-port [XOR] bank, which stores the encoded version of all
data that has been written in corresponding rows. In addition, it contains a small XOR]
contents table to keep track of which memory banks have valid data. The memory im-
plemented is a 'read once’ system wherein data is destroyed upon read. This is because
it needs to be guaranteed that an empty memory bank is always available for each
address in case data needs to be written. Otherwise, in addition to updating the XOR]
bank with the new content of the respective row, the old data needs to be removed
from the corresponding entry in the [XOR]bank, a step which can be skipped. However
this multi-port [XOR] bank increases the memory area further, adds complexity to the

memory design in addition to read-write instabilities.

In (I6) an based pipelined 2R, 1W memory architecture is proposed using
only [6T] SRAM cells. To form a dual-port memory with a capacity of W,q, words,
three single-port memory banks of the size of W,,,4,/2 are used. One of these banks
stores the row-wise exclusive OR of the other two physical memory banks to retrieve
the data in case of contention. Although the area requirements are less than DP-
SRAM, a concurrent read-write operation cannot be accomplished which excludes this
approach from networking applications and [FIFO] packet buffers as mentioned in sec-
tion 3. Moreover, the output of this [XOR] approach is pipelined increasing the overall
packet latency. For further information refer to Appendix [C]

While the [DP-SRAM] cell imposes constraints on memory capacity and clock fre-
quencies, the approaches using [SP-SRAM] in their memory subsystem do not support
all required operations in network applications of 2R and 1R-1W. Therefore a design

is introduced, combining several approaches to satisfy the requirements.
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Proposed Design

In this paper an [SP-SRAM] based memory architecture is proposed which is able to
execute two reads (2R) or alternatively one read and one write within a clock
cycle by combining a dedicated memory bank for [XOR] calculations with a MAT. To
facilitate the 2R operation an based approach is adopted as described in (16). To
perform a 1R-1W operation concurrently in a single cycle a variety of techniques can
be used such as a pseudo [DP] SRAM or a replication based technique as introduced
in section 2. Alternatively a based technique can be used similar to a virtual
memory mapping table technique as described in (19)). The next sections discuss the
techniques for the 2R and 1R-1W operation separately which are finally combined to

form the proposed design.

3.1 XOR supported Memory

The based technique is introduced in (I8, 20) which is similar to the approach
described in (16). To obtain a memory capacity with W,q, words, the memory is
equally divided into two memory banks (bank A and B) with a capacity of Wy, /2
words each as shown in figure Memory bank A stores data for the addresses from
0 to Winaz/2 — 1 and B for the addresses Winaq/2 to Winas — 1.

A third memory bank XOR is designed to store the [XOR] values of A and B such

11
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0 A 63 0 B 63 0 XOR 63

510 @ —_
511 @ —_

e

Figure 3.1: Physical memory banks in technique
that each row
TOWXOR,a = FOWA,q B rOWRq (3.1)

where a represents the address with 0 < a < Wia./2.

Due to the bitwise exclusive OR operation in equation (3.1} any unknown third
value of a row can be retrieved by performing an [XOR] over the remaining two known
operands. The algorithm described in listing [1, covers both contention and contention
free memory access cases. The most significant bits (MSB) of addresses a; and ay are
extracted and compared. If they differ, both read accesses point to different memory
banks and therefore both reads can be executed on the respective bank in a clock cycle
using the remaining least significant bits of each address after MSB extraction. How-
ever if the MSB are equal, the first read of address a; is allowed to proceed, while the
data stored at as needs to be reconstructed using data from the memory banks B and
XOR. The waveform of XOR based design is shown in where read and write both

operations are implemented in two cycles.

12



3.2 Memory Association Table

Algorithm 1 2R operation using [XOR)] based technique

Precondition: 2R operation is executed
Precondition: Each row of bank A and bank B are ® in XOR bank

function DUAL-READ(ay, a2)
if msb(a;) # msb(az) then

q1 < read(A, a1)

g2 < read(B, a2)

q1 < read(A4, a1)
g2 < read(B, az) @ read(XOR, a2)
end if

9: return q1, ¢2

1:
2
3
4
5: else
6
7
8

10: end function

3.2 Memory Association Table

On an architectural level, a 1R-1W memory is created by implementing a memory-
mapping technique(I9, 21) called Memory Association Table which maps a
virtual memory address to an address of the physical memory bank. For a memory
capacity of W,q. words, three of a size of W,4,/2 words are required. In
addition the consists of 6 D-flip-flops for each of the W,,4./2 rows of the SP-
SRAMs. These flip-flops store identifiers unique to each bank, into three fields (LOW,
HIGH and EMPTY) as shown in figure LOW stores the identity of the
which contains the data from 0 to Wy, /2 — 1, while the field HIGH holds the identifier
of the memory bank which contains data for the addresses from Wi,40/2 to Winae — 1.
Finally, the field EMPTY represents the memory bank which contains invalid data
currently and can therefore be used for a write operation, if a contention occurs. In
addition to these 3 physical SP-SRAM]| and MAT, a controller in form of a chip select
unit chooses the memory bank where the read-write operation is to be performed. A
contention management unit detects, if the 1R and 1W operations point both to the

same or different memory banks.

For instance, if a 1k x 64 1R-1W memory is instantiated, three 512 x 64 [SP-SRAM]

13
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and a [MAT] with 512 rows is required. Initially, all rows of the association table are
initialized to 00-01-10 indicating that the first W,,,q,/2 addresses are stored in memory
bank A, while the other W,,,,/2 addresses are served by memory bank B. Memory
bank C' is either empty or contains invalid data. This memory bank is selected only in

case a contention is encountered.

If a single read operation is executed, the corresponding field of the [MAT] depend-
ing on the given address is simply read. The chip select unit chooses that particular
memory bank and the operation is performed. A single write operation is executed in a
similar manner. However in case of a contention, the field EMPTY of the [MAT]is read
and subsequently the memory bank which currently contains invalid data, is identified
for the write operation. The fields are updated in the next clock cycle to reflect the
activation of the alternative memory bank. The algorithm for concurrent 1R-1W is

summarized in listing

For instance, a 1R-1W operation arrives on addresses 2 and 3 respectively after a
reset. Row 2 and 3 of the [MAT] are read and both LOW fields contain the identifier 00
referring to memory bank A. Thus, a contention is detected. While the read operation
is executed in memory bank A, the field EMPTY of the third row is read and the write
operation is shifted to memory bank C. After the completion of the operation, row 3 of
the [MAT] is updated to 10-01-00 indicating that address 3 is to be read from memory

bank C from now onwards.

3.3 2R, 1R-1W XMAT Memory

The proposed design combines the two techniques to form a dual-port memory which
can perform both 1R-1W or 2R in a single clock cycle, a necessity for packet switching
routers. The block diagram of the proposed design is shown in figure It consists of
three of Winaz/2 word capacity, a 1IR-1W bank as described in section
and a of Winaz/2 rows made from D-flip-flops introduced in section Ad-

ditionally a contention management and a chip select unit detect and resolve memory

14



3.3 2R, 1R-1W XMAT Memory

Algorithm 2 1R-1W operation using MAT

Precondition: Execute a concurrent 1R-1W

function READ-WRITE(RADDR, RWADDR, D)
field,eqq <+ (msb(RADDR) = 1) ? HIGH : LOW
fieldyyrite < (msb(RWADDR) = 1) ? HIGH : LOW
bank,eqq < MAT(RADDR, field,eqq)
if fieldyeqq = fieldyrite then

bankyrite < MAT(RWADDR, EMPTY)
else

bankyyrite < MAT(RWADDR, fieldyyrite)
end if
Q1 <+ read(bank;cq.q, RADDR)
write(bankyrite, RWADDR, D)
return Q1

end function

bank conflicts.

While a memory together with a[MAT]can support the dual port operation 1R-1W,
the 2R functionality is added by including an [XKOR] memory bank into the design. If
a 1R-1W operation needs to be executed, the corresponding identifier is looked up in
the [MAT] and different memory banks are chosen, in case a conflict is detected. In this
design after each write, the appropriate entry in the XOR] memory needs to be updated
additionally.

If the conflict occurs during a 2R operation, one read is served by reading the
corresponding memory bank directly. However the data of the second read needs to
be reconstructed by determining which memory bank holds the active data. This is
achieved by reading the appropriate non-EMPTY field in the MAT, followed by an
exclusive OR operation of the read data with the value stored in the [XOR] memory
bank.

The waveform in figure illustrates the sequence of operations in the proposed

15
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A=00 B=01 C=10 XOR LOW HIGH EMPT,
63 63 0 63 63
00 01 10
0
1 00 01 10
5 00 | o1 10
[ [ . [ [ [ [
° ° ® ° ° ° °
510 00 01 10
511 00 01 10
)
Physical Memory Banks 1IR-1W XOR Memory Association Table
RCSN >
CSN >
WEN —— P ) ) Contention
RWADDR —™ Chip Sel}ectlon Management
RADDR —® Logic Logic
Ql —-—
Q2 -—
DATA1l ——»

Figure 3.2: Proposed Design Diagram for a 1024x64 capacity

| tcyc ‘| ta |
ak /N~ /7 /S
RCSN N A N A X K XX
DN A T K KL XX
wen X PN AN AL XX
RWADDR X[ X Wamazjz X Y < Wz X Y < Woaaz_ X e
RADDR X[ = Wnaazz X X2 Wiazs X X <Wiazs X

p X X X X X X X

a XX Valid O/P XX Valid O/P XX Valid O/P XX

@ _ XX Valid O/P Previous O/P Previous O/P XX

Operation 2R with contention = 1R-1W w/o contention  1R-1W with contention
Execution read 4, readp, read 4, readp, read 4, readpg, readxor,

Order readxor writec, writexor writec, writexor

Figure 3.3: Waveform of proposed 2R-1W memory showing 2R and 1R-1W operation
sequences with and without contention
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design in case of a 2R or 1R-1W operation with contention and in contention-free cases
and the [SP| memories that will be utilized for the same. For instance, to execute a
1R-1W operation, the signals of RCSN, CSN and WEN are set to 0 (active low), and
the read and write addresses are passed to RADDR and RWADDR respectively, while
D carrying the data to be stored, is setup. After the memory access time t, the output
of the read is latched at Q1. This 1R-1W operation with contention activates all the

memories present in figure 3.2

17
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Results and Benchmarking

In this section, the proposed [Exclusive OR - Memory Association Table (XMAT))| im-
plementation is compared to the conventional RRW] and [IR-TW] [DP-SRAM],
[SP-SRAM] simple [XOR] based 2R and [MAT] based implementations consid-

ering access time (t,), cycle time (tqy.), total area occupied and 2R/1R-1W power
consumption using 28nm |Ultra Thin Body and Box (UTBB)HFully Depleted Silicon|
lon Insulator (FDSOI)| technology. The design has been implemented in Verilog
ware Description Language (HDL)| and synthesised using Synopsys Design Compiler.

Power and performance characteristics have been obtained using Synopsys Primetime.
The conventional and 1R-1W [DP-SRAM] is generated directly using dual-port
compilers to a maximum capacity of 2048 words, 64 bits each. Traditionally, if both
[SP-SRAM] and [DP-SRAM] are used together in a design, the performance is limited by
the [DP-SRAM] because of its reduced operation speed. However, the comparison with
the [6T][SP-SRAM] of similar capacity shows that the proposed design outperforms the
[SP-SRAM] in some cases and the performance is no longer limited by the DP-SRAM.
The conventional DP-SRAM]| can be directly generated using the dual-port compiler to
a maximum capacity of 2048 words, 64 bits each. However, [SP-SRAM]|can be generated

up to a capacity of 8192 words of 64 bits. The comparison for capacities greater than
the above sizes has been accomplished by replicating and combining two small memory
banks to form one large [DP| or [SP| memory. Memory access time is the time taken by
the output (Q) of the read instruction to reach a valid stable state (shown in figure
C.2). Cycle time (tcyere) includes the clk-to-memory activation time plus the clk-to-Q

time. Memory activation time is the amount of time consumed in address decoding

19
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and the additional chip select logic time in our design.

The proposed design requires a 1R-1W type of [XOR] memory as shown in figure
which can be implemented in two ways: high density for area optimization and
high performance. The area-optimized 1R-1W SRAM (XMAT-Pseudo in figure is
implemented using the pseudo [DP-SRAM] as mentioned in the section 2 which results
in an area comparable to [SP-SRAM] and thus gives an area-compact result at the cost
of a reduced performance. The high performance 1R-1W memory (XMAT-Replication)
is a replication based design which occupies a larger area at a higher clock frequencies.
Therefore the designer has the option to choose a memory architecture depending on

the particular application and constraints.

Figure and show an improvement of 21% in t, and 11% in t.y. for an
XMAT-Replication in comparison to BT|[DP-SRAM]| with a 1k x 64 capacity. The pure
[XOR] and [MAT] based memories have similar ¢, as both utilize [SP-SRAM] memories
with a comparable combinational delay. For larger capacities (Wy,qe, > 4k words) these
designs are better in performance than even of similar size as internally they
use similar of half the capacity. The cycle time of XMAT-Pseudo is 62%
greater that of the due to the higher internal frequency which limits the

maximum achievable clock rate externally as mentioned in section 2.

In figure the area consumption is plotted. As it can be observed for both
XMAT-Pseudo and XMAT-Replication the required area is 42% and 59% larger re-
spectively when compared with the traditional RT| DP-SRAM. This is due to the [MAT]
based 1R-1W which alone occupies 8% more area than for a 1k x 64
capacity SRAM. XOR based 2R design occupies 19% lesser area on an average for a
similar capacity. Pseudo and conventional [6T] SRAM occupy the least area of all the

implemented designs.

Figure and show the power consumption for a 2R and 1R-1W operation
in each clock cycle. The power has been calculated for the worst-case i.e. when con-
tinuously contention read operations are taking place. XMAT-Pseudo and XMAT-

Replication design consume 5% and 1.15% more power compared to conventional
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Replication on ¢, and t.y. in a clock cycle

DP-SRAM. The single read-write power is approximately 2.75 times higher than con-

ventional BT|[DP-SRAM]| because in the worst case condition each read-write operation

demands a read operation on all the physical memory banks present and the concurrent
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Probability of Total Power in
Contention 2R, 1R-1W | DP-SRAM

0.5 1.66 1

0.4 1.48 1

0.3 1.22 1

0.2 0.95 1

0.1 0.89 1

Table 4.1: Total Read-Write Power with different contention probabilities for a 2048

words, 64 bit memory

Although both implementations require considerable more area and in worst
cases consume more power due to its complexity, they show an average improvement
of 13% in terms of memory access times and in case of XMAT-Replication a 0.8%
also in the operating frequency. In addition due to the [SP-SRAM] instantiations in
XMAT, larger memory capacities become available eliminating read-write instabilities

inherently.
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4.1 Application Benchmarks in Network Routers

While XMAT] consumes more power compared to the traditional DP-SRAM, the XMAT]
memory has been integrated into a router as a use case application.

As stated earlier the packet buffer is implemented as a large FIFO memory act-
ing as a queue as shown in figure in which the data written at the write pointer
address is read out first. In the beginning of operation the read pointer refers to the
same memory bank as the write pointer and contentions occur. However if the FIFO
begins to fill, after W,,,4,/2 entries, the read and write pointer refer to different memory
banks and the read and write operation are executed without contention. Therefore
for a large capacity queues(22) and high traffic volumes the probability of contention
decreases. The power calculated in figure [4.1] is the worst-case power consumption in
which back-to-back conflicting 1R-1W operations take place. Table shows the sum
of read and write power with different contention probabilities. It is apparent that an
increase in read-write power is not that significant in applications with lesser probabil-
ity of contention. A power gain of 5% compared to traditional is achieved
when the probability of contention is 20%.

address: 0 Wonax 72 Wi
data in data out
—_— 112(3]4 —
read write
pointer pointer

Figure 4.2: A standard FIFO
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Conclusion

This paper proposes a based 2R, 1R-1W SRAM architecture for high-
performance networking applications such as packet switching, queue management to
manage high data traffic throughput in Internet routers. It can execute dual-read or
alternatively one read-write within a clock cycle by combining a dedicated memory
bank for calculations with a Memory Association Table. This design shows an
improvement of 21%, 11% and 5% in access time, cycle time and power reduction re-
spectively in case of a contention probability of 20% for a memory capable of storing
1024 words of 64 bit depth each. Since Single Port memories are used to mimic the
behavior of a Dual Port memory, larger memory capacities can be instantiated and

read-write instabilities inherent to Dual Port SRAM, are not observed.
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Appendix A

Pseudo Dual-Port Memory

In this section the [TDM] based approach for designing the DP-SRAM]is discussed. A
[TDM] approach can be applied to an [SP-SRAM] to reuse its access ports in a different
time slot. For any memory design the speed of the memory can be traded for the area
by operating the memory at an internal clock frequency that is a faster multiple of
the external clock frequency, giving the illusion of having more ports than are actually
supported. Thus, it is also called Pseudo [DP-SRAM] or multi-pumping as it gives an
illusion of being dual-port. Multi-pumping can be applied to any memory design to

multiply its read and write ports.

In one clock cycle of the external clock, the single-ported memories can perform 2
memory accesses, which from the system’s perspective, is equivalent to having a dual-
port memory. This architecture is shown in figure for a 1K x64 memory capacity.
To create a 1Kx64 pseudo dual-port memory an of similar size is instan-
tiated. Two concurrent accesses are broken down into two set accesses. The first set
of access is presented to the [SP-SRAM]| immediately, while the second set is stored
in registers. In the second-half of the external clock cycle, the results of the first set
of access are stored in registers, while the second set of accesses are presented to the

At the end of a complete system cycle, both sets of accesses are complete.

A number of designs utilize multi-pumping to gain additional access ports while
keeping area overhead minimal. It uses the same capacity memory as [SP-SRAM] with
extra control logic and registers to steer the data in and out of the SP-SRAM]| The
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A. PSEUDO DUAL-PORT MEMORY

1024x64
SP-SRAM

CLK_MEM ADDR CSN WEN D Q

CLK
CSN1
CSN2
WENI1
WEN2
RWADDRI1
RWADDR2
D1
D2
Ql «——
Q2 «—

Memory Decoding

Logic

2RW Memory

Figure A.1: Block Diagram for the implemented 1K x64 DP-SRAM

Tcycle
CLK —/ /" /=
CLK.MEM __/ \ / \ / \ / \ / \ /T

|ReadCycle|

|WriteCycle|

Figure A.2: Waveform of the Pseudo DP-SAM scheme

limitation, however, is that each increase in the number of ports dramatically reduces
the maximum external operating frequency of the memory. The system needs to run
slow enough so that the memory can run at multiples of the system clock. This con-
straint usually makes it difficult to run the memories at more than twice the system

clock. Figure shows the operations in each cycle.

30



Appendix B

Replication based Dual-Port
Memory

This section discusses the replication based |[IR-1W|[DP-SRAM]| design. (28) proposed
the first multi-ported memory design based on replication of the [SP-SRAM] and [Live
[Value Table (LVT)| to keep track of the recently written data. The basic idea of an|[LVT]

design is to augment a banked design with the ability to connect each read port to the
most-recently written bank for a given memory address. To create a replication based
of Winaz words, two [SP-SRAM]| of W4, words and a single-bit [MAT] or an
[CVT] of Wipae words is instantiated as show in figure The memory blocks for each
read and write port are replicated, while keeping read and write as separate ports, and
an or as discussed in section [3] When a read operation is executed, the read
port looks up the memory address in the [MAT] which returns the previously-written
identity of the memory bank. This is used to select the most-recently-written value

from one of the memory banks.

Actually, the itself is a multi-ported SRAM] with the same memory words and
number of writing ports as the implemented multi-port memory. However, since the
[CVT] stores only bank identity, the data width of the [LVT] table is only logan where n
is the number of banks, which is equal to the number of writing ports. Since an[LVT]is
a narrow, multi-port memory, it is implemented with registers and is pure logic based.
Furthermore, the LVT doesn’t have write data, instead it writes a fixed bank ID for

each port as described in figure Since there are two banks it stores either 0 or 1
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B. REPLICATION BASED DUAL-PORT MEMORY

as bank identity.
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Physical Memory Banks MAT/LVT
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WADDR
Q
_»
DATA ~
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Figure B.1: Block Diagram for Replication based 1024x64 DP-SRAM

Replication based designs implements memory more efficiently and have an oper-
ating frequency closer to that of the [SP-SRAM] itself. Thus, it can achieve higher
frequencies than the multi-pumping approach. While this approach does not assume
an external clock at half the possible memory clock, the replication increases the area

requirements. In addition only half of the total memory capacity is used at any given

point in time.
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Appendix C

XOR based 2R/1W Design

In this section an [XOR] based design to overcome the drawbacks of the previous ap-
proaches discussed in the last section. (I8) and (19)) introduce an based approach
for designing a multi-read memory. However, (I8) describes it for a|Field Programmable]
|Gate Array (FPGA )| which uses a Block [Random Access Memory (RAM)|that is inher-
ently dual-port and (19) makes use of a 4-ported memory to design a multi-read

memory. Using multi-port memories further increases the memory area and adds com-
plexity to the memory design in addition to read-write instability. Thus, a favoured

solution will be to design a multi-port using only a single-port memory in the core.

The design, illustrated in figure utilizes only [6T] single-port banks to realize a
dual-read, single write (2R/1W) memory. It consists of two separate ports, 1 Read-
Write and 1-Read only port with different sets of address (RWADDR and RADDR),
control (CSN, WEN and REN) and output (Q1 and Q2) lines and a single data line
(D) to write to the memory. Both the ports are clocked at the same frequency using
a single clock line (CLK). The proposed dual-port memory design comprises of three
single-port memory banks A, B and an [XOR] bank, each of which is half the capacity
of the memory to be built. For instance, to generate a dual-port memory capacity of
1K words (Wypas) of 64 bits each (shown in figure , the three single-port memory
banks would be of the size of 512 words (W,,4./2) of 64 bits each. Each row of the
[XORI bank contains the data from both the banks A and B in XOR‘ed form. Bank A
contains data of the first 512 words (0-511) and bank B stores data of rows 512-1023.
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C. XOR BASED 2R/1W DESIGN

This design exploits the property of [XOR] to effectively avert memory access con-
flicts.

Let
C =A®B
then,
AeC = B, because A®(A®B) = B
and
BaC = A, because B&(A®B) = A

Classically, if two access requests point to the same [SP-SRAM] bank, it was solved
by either memory halts or memory stalls (queuing the subsequent accesses). In this
case, the read or write to the memory would no longer be guaranteed to execute in a
fixed time. However, the proposed design boosts the read-write parallelism by creating
multiple copies of the same data in two different banks. The contention management
logic is operatively coupled to the A and B memory bank via the memory decoding
logic to help resolve the memory access conflicts as shown in [C.1] It does so by de-
termining the locations to retrieve data from the single-port memory cells, thereby
avoiding collision between concurrent memory accesses. However, the dual-read and
write operations take time and thus, by construction to avoid bank conflicts during
operations the output data from the proposed [DP-SRAM]is pipelined and is stabilized
after 1 clock cycle latency. The result of the read is stored in registers and is used in

later cycles.

When the first memory address (RWADDR) and second memory address (RADDR)
execute two read accesses on separate memory banks, both the reads are directly made
from the respective banks. For example, if two concurrent read operations are received
for the addresses 255 and 1011 which are located in different memory banks the reads

can be made directly from SP memory bank A and B respectively.

However, when the first (RWADDR) and the second memory address (RADDR) are
associated with the same memory bank, the first data is retrieved from that memory
bank and the second data is reconstructed using data from the second and the

memory bank. For instance, let two reads access the addresses 522 and 1002. In this
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case, it is not possible to get the output of the read in a single clock cycle due to
memory stalls. Thus to avoid the stall, first set of data is read-out from the memory
address directly from bank B and the second read data is reconstructed using bank A
and the[XOR]memory bank. The output of both the reads is pipelined and the read-out
data is latched in the next cycle. This kind of approach essentially means that we are
creating multiple copies of the same data but in a compressed form instead of directly
replicating it. This kind of multiple storage of same data comes at a cost of writing

the data twice:

e Writing data to a memory corresponding to RWADDR and reading the data from

XOR
0 A 63 0 B 63 0 63
0 D 512 — (0,512)
1 @ 513 — (1,513)
° o *
Y [ ]
° [ ]
510 &) 1022 — (510,1022)
511 b 1023 — (511,1023)
Data Memory Banks
CLK —
CSN ——
WEN —— . Contention
RWADDR — = Memory Decoding | Management
D — Logic Logic
QI =——
Q2 =]
REN ———
RADDR ——*
2R-1W Memory

Figure C.1: Proposed Design Block Diagram
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C. XOR BASED 2R/1W DESIGN

the address RWADDR + !Wmam/ﬂ. This data is then XOR‘ed with the new data.

e Writing the XOR‘ed data in the single-port memory bank.

Dual-Read operation from the same memory bank will include the following oper-

ations to be executed:

e Reading data from the memory bank corresponding to the address RADDR and also,
reading from memory address RWADDR + }Wmax / 2’.

¢ Reading[XOR]memory bank corresponding to the RWADDR address and [XOR] them

to obtain the output of the second read.

Teycte

ak /T /T
esn o A X A
wen A K hd X
REN 1/( >\ /C
RWADDR DD( X >C
rabbr XX X X
p XX X X
Q1 Previous Output >Xalid O/P
Q Previous Output >Xalid O/P

7‘ta|*

Figure C.2: A single cycle waveform of proposed 2R-1W memory with pipelined output

The waveform in figure illustrates a single-cycle operation of the proposed dual-
port design. The control, data and address lines have a finite setup and hold time which
depends on how fast the chip selection logic is decoding the operations to be performed
on the memory banks, after input from the contention management logic. After a finite
access time (t,) or clk-to-Q time, the pipelined outputs on Q1 and Q2 are stabilized
and latched. The advantage of using a pipelined output is two-fold. First, it helps
to reduce the penalty in the access time and cycle time due to latching of the output

in the next consecutive cycle. Secondly, the use of multi-port memories is avoided as
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opposed to the memory design in (19)).

The design however, has a limitation that a concurrent read-write operation cannot
be executed in a single memory cycle. This is due to the fact that during a write
operation all the memory banks A, B and the [XOR] bank are in use. There is no idle
bank to read from. The restriction of writing capability to one port is not necessarily

a handicap situation as mentioned in (23)).
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