ABSTRACT

SHAH, TANMAY ANILKUMAR. FabMem: A Multiported RAM and CAM Compiler for
Superscalar Design Space Exploration. (Under the direction of Eric Rotenberg).

An out-of-order superscalar processor has a complex microarchitecture that uses many
multiported memory structures. Mutliported memories are special memories with many read
and write ports. As the issue width of the processor increases, both the number of ports and
sizes of the memory structures need to be increased. Due to their multiported nature, they
consume a large fraction of the total area and power of the processor and limit its clock
frequency. Consequently, effective design space exploration in the design of a superscalar
jprocessor requires accurate area, access time and energy consumption estimates of each of its
memory structures.

To fulfill this goal, we have developed “FabMem”, a tool which generates physical designs
of arbitrary multiported Static Random Access Memory (SRAM) and Content Addressable
Memory (CAM) structures using automated SKILL scripts. The generated memories are free
of any DRC and LVS errors and detailed stability analysis confirms the generated memories
are robust. FabMem generates accurate results for area, access time and energy consumption
of multiported memories, essential data for superscalar processor design space exploration.
To improve the access latency of large highly-ported SRAMSs, pipelining of the SRAM and

“constrained simultaneous access” are proposed.
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Chapter 1

Introduction

1.1 Motivation

An out-of-order superscalar processor maintains a large pool of dynamic instructions, called
the instruction window, from which it can extract instruction-level parallelism (ILP). Each
cycle, a scheduler identifies independent instructions from this window that can execute in
parallel.

In terms of physical implementation, a superscalar processor’s instruction window
corresponds to a number of key memory structures. The physical register file (PRF), rename
map table (RMT), issue queue (IQ) payload and architectural map table (AMT) are
implemented using Static Random Access Memory (SRAM), while the load queue (LQ) and
store queue (SQ) address match logic and issue queue wake-up logic are implemented using
Content Addressable Memory (CAM). Table 1.1 shows different memory structures used in
the superscalar processor. Each of these memory structures is multiported so that they can be
accessed by multiple instructions in parallel. For example, in the Register Read (RR) stage of
the pipeline, each instruction might have two source operands, therefore, the number of read
ports into the PRF is equal to twice the processor’s issue width. In the same way, in the Write
Back (WB) stage of the pipeline, all completing instructions might need to write to
destination registers. Thus, the PRF requires as many write ports as the issue width of the

processor. In this way, as the issue width of the processor increases from 1 to 8, the read port



requirement for the PRF increases from 2 to 16 and the write port requirement increases from
1 to 8. The port requirements of all other RAM and CAM structures vary similarly with the
issue width of the processor.

Table 1.1. Memory structures in a superscalar processor.

Pipeline Stage Memory Structure

Fetch Branch Target Buffer , Branch Predictor
Decode Instruction Buffer

Rename Rename Map Table, Free List

Issue Issue Queue, Payload RAM

Register Read/Writeback | Physical Register File

Memory Load Queue, Store Queue

Retire Reorder Buffer, Architectural Map Table, Free List

In order to increase the performance (instructions per cycle) of the processor, its issue width
is increased, by adding more parallel function units. To fully utilize the parallel function units
of a wide-issue processor, we need a sufficiently large instruction window so that enough
independent instructions can be identified each cycle. Thus, to extract performance,
instruction window structures are needed that are both large and highly ported.

To design a superscalar processor, arbitrarily many candidate superscalar configurations
should be considered. So, we require an automated tool to generate the synthesizable RTL of
arbitrary superscalar designs. “FabScalar” [1] is a tool to generate the synthesizable RTL for
arbitrary superscalar processors. We also require an automated tool to generate physical

designs of multiported RAMs and CAMs of arbitrary sizes and number of ports. A synthesis



tool, for example, Synopsys Design Compiler, can generate area, timing and energy results
only for combinational and sequential logic, but not for the wide variety of multiported
memory structures. To design a custom memory for each required configuration is a very
time-consuming process. Thus, we require an automated tool that can generate accurate data
for area, access time and energy consumption and also the actual memory layout, which can
be used later for place-and-route purposes as well as to simulate the full memory in detail for
points of interest. FabMem is a tool, which enables the automated design space exploration
of multiported RAMs and CAMs and also generates their physical designs. FabMem is an
insightful tool which can be used by microarchitects for the design space exploration of
superscalar processors and is also useful for the physical design of arbitrary superscalar
processors in conjunction with FabScalar [1].

To estimate area, access time and energy, it is possible to implement analytical models for
SRAM and CAM. But multiported structures are very wire intensive structures. For example,
an 8R8W SRAM bitcell has 32 bitlines and 16 wordlines in parallel. The same length wire
can have different intrinsic and parasitic capacitances at different places depending on its
neighbors’ shapes and that will produce different driving times and also energies for different
wires of the same length and metal layer. It is very hard to analytically model fine-grained
parameters of the multiported memories. In addition to that, at any time, any number of ports
may be reading from the same address. Thus, accurate analytical models require very
detailed modeling of the loading of the bitcell for worst-case timing analysis.

For accurate analysis, the whole memory can be generated and its extracted netlist can be

simulated in HSPICE, but HSPICE simulation of such a large netlist is very slow and



requires a tremendous amount of storage space. Thus, we need to use a hybrid approach,
which only generates and simulates the critical-path of the memory. The full memory is
generated and simulated just for selected configurations of interest. This approach will save

time as compared to always simulating the whole memory and will not suffer for accuracy.

1.2 Goal of this Work

The goal of this work is to automate the physical design and analysis process for multiported
SRAM and CAM structures of arbitrary sizes and number of ports, which can be summarized
as shown below.

e Design the automated data generation tool that produces accurate results for area,
access time and energy consumption for the required multiported SRAM and CAM
structures.

e Deliver the SRAM and CAM compiler, which automatically generates the full layouts
for a wide variety of input configurations.

e Design the pipelined SRAM to improve the cycle time of large SRAMs.

1.3 Related Work

EMPIRE [3] proposes the “Empirical power/area/timing models for the register files”. They
made the layout of various register files by varying the number of ports from 3 to 12, depth
from 4 words to 64 words and width from 8 to 128 bits. The simulation results are obtained
for these SRAMs and curve fitting is used to obtain analytical models for the Register File.

Due to this approach, EMPIRE might not produce accurate results for point outside the above



range. For example, if it is used to generate the read access time for 128 deep 32 wide IR1W
SRAM, then the read access time obtained is 1.123 ns less than the read access time of a 64

deep 32 wide IR1W SRAM in 90nm process technology.

CACTI [4] is a tool, which uses detailed analytical models to estimate the area, timing and
power for caches and other memories. CACTI 6.0 shows that the low-swing wire model used
is within 12% error of SPICE-simulated values. The analytical models for distributed
wordlines and bitlines are within 13% and 12% of the SPICE generated values. Due to error
present at the fine-grained level, it might be possible that the overall delay is more inaccurate
than the actual implementation. For example, the solutions generated by CACTI for the 90
nm SPARC L2 cache have 28-32% of average error in access time, area and power
consumption. A flexible embedded SRAM compiler, proposed in [5], is able to generate
actual layouts for single-ported and dual-ported SRAMs only, with maximum capacity of

IMb.



Chapter 2
Multiported SRAM Design

The goal is to design each basic circuit within an overall SRAM, which can be later used for
automated data generation tool and also for the automated layout generation tool. This
includes designing multiported bitcells for each required configuration, as well as the row
decoder, precharge circuit, column multiplexer, sense amplifier and write driver circuit. Each
circuit is designed in such a way that:

1. It produces an overall efficient design.

2. It simplifies the placement and routing in the automated layout process.

2.1 Bitcell Design

The basic bitcell implemented is a 6T SRAM cell, which is a pair of cross-coupled inverters
and two pass transistors connected at the output of each of the inverters as shown in Figure
2.1 below. The gates of both the pass transistors are connected through the word line, WL.
The outputs of these pass transistors are bitlines, BTL and BTLB. These bitlines can be either
read bitlines or write bitlines. The workings of basic read and write operations can be found
in the literature [6].

A read operation can be done using a single bitline only. The single-ended bitline scheme has
the following advantages and disadvantages:

Advantages:



1. It requires less area. For 4R4W bitcell (four read ports and four write ports bitcell), it
requires 4 (cross-coupled inverters) +4 (four read ports) +8 (four write ports) = 16
transistors instead of 4+8+8 = 20 transistors. It will have 4 read bitlines and 8 write
bitlines instead of a total 16 bitlines.

2. Due to having fewer bitlines, it will consume less energy in precharging the bitlines.

WL

L e

ma"r’ﬂk;ﬂ"g

BTLB BTL

Figure 2.1. 6T SRAM bitcell.

Disadvantages:
1. The single-ended bitline architecture is not robust to the read upset problem. In the
dual-bitline architecture, either bitline clamps Q (the storage node) to the V44, which
makes inadvertent toggling of the cross-coupled inverter pair difficult [6].
2. The single-ended bitline architecture can not be used with a differential sense

amplifier, and so will be slower as compared to the dual-bitline read scheme.



3. In a multiported bitcell, there will be more bitlines placed at the minimum allowable
distance according to Design Rules. This will lead to significant coupling
capacitances. When a logic value of “1” is read on a bitline, initially the bitline will
be charged to V44, but it has the potential to discharge to V44 - Vi because of the
presence of the n-type pass transistor. If the adjacent bitline is discharging then this
vulnerability can be triggered, affecting the bitline which is reading a “1”.In dual-
bitline bitcell, the same coupling might affect the bitline in similar manner, but it will
not affect both the bitlines, BTL and BTLB. So, the single-ended bitline architecture
is more sensitive to such coupling noise, as compared to dual- bitline architecture.

After evaluating both advantages and disadvantages, it was decided to implement the dual-
bitline architecture.

For each extra port, another pair of pass transistors is added one on each side of the cross-
coupled inverter. In Figure 2.2, a bitcell with two ports is shown. As the number of ports
increases, the number of pairs of pass transistors will also increase. This will increase the
wordline and bitline lengths significantly. Moreover, in a multiported bitcell, the length of
the bitline is also larger and so the bitline capacitance (both intrinsic and parasitic) will be
higher. So, even in the case of single read of a multiported bitcell, the read will be slower
than before.

The current through that transistor is limited by the following equation given in the literature

[6]:

Vminz)

W
[= TK((VQS - Vt)Vmin - >



As shown in Figure 2.3, when all read ports are reading from the same address, all bitlines
will be discharging through the single transistor highlighted at the bottom of the cross-
coupled inverter. The current of each bitline is half of the current which would be flowing in
the case of single port read of the bitcell. So, for a multiported bitcell, it will take quite a long
time to discharge the bitline.

To reduce the read access time, it is necessary to facilitate high current and hence to
discharge the bitline faster. For a faster read, the bitcell is implemented as shown in Figure

2.4 [17]. It is also possible to increase the width of the NMOS in the cross coupled inverter.

W2 wiLd

WiLa

H

-

K

WL |

ETLE2 BTLE1 BTL1 BTLZ?

Figure 2.2. Two-ported SRAM bitcell.

Exfra transsiors with
biggesr channal widih ] 3 4
|

w2 m— ar
1
| — Figure 2.3. Faster read for multiported
il SRAM bitcell.
no'u -
i
BTLB2 BTLB1 o BTL1 BTL2

Figure 2.4. Simultaneous reading.



Figure 2.4 shows the example circuit for a four read ported bitcell. As shown, the bitlines
corresponding to ports 3 and 4 will discharge through Q1, and bitlines 1 and 2 will discharge
through Q2. In addition to that, the width of these extra transistors (Q1 and Q2) can be made
larger to increase the current passing through them. This bitcell design has the following
advantages and disadvantages.

Advantages:

1. The read access time is reduced due to two parallel paths to discharge the bitlines.

2. The read access time will be even less, if larger width transistors can be used.

3. The “read upset problem” will not occur, because now the bitlines are isolated from
the cross-coupled inverter, therefore, during a read operation, the precharged bitlines
can not raise the voltage of either Q or Qbar.

Disadvantages:

1. The extra transistors, Q1 and Q2, might increase the area of the bitcell.

2. The bitline will be reading the inverted value of the stored bit. If a “1” is stored in the
bitcell, then, the bitline will be discharging and if “0” is stored in bitcell then bitline
will not discharge. Though it is not a disadvantage, it puts the bitline in floating stage
when the “0” is stored in bitcell. Because when “0” is stored in the bitcell it will turn
off the Q1 and Q2 NMOS. During “read” phase precharging circuit is also off and
this will put bitline in floating state.

The multiported bitcell is a very wire intensive circuit. The N-ported bitcell will have N
wordlines in one direction and 2N bitlines in the other direction. So, those extra transistors

can be placed under these wires. This way, it will not incur any extra area. The layout is
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managed in such a way that they will not increase area. It is difficult to hide the extra
transistors under wires for a bitcell with too few ports, but such a bitcell is already faster due
to its smaller size.

Using this approach, the following variety of bitcells is implemented:

IR1W, 2R2W, 3R3W, 4R4W, 5SR5W, 6R6W, 7TR7TW, 8R8W

2R1W, 4R2W, 6R3W, 8R4W, 10R5W, 12R6W, 14R7W, 16R8W

The transistor sizes in the bitcell are decided according to the cell ratio (CR) and pull-up ratio
(PR). As shown in Figure 2.1, if Qbar is “0” and Q is “1”, then during the read operation,
BTLB (which is precharged to V44) can raise the charge stored at Qbar. The rise in voltage at
Qbar must not be greater than the switching threshold of the NMOS transistor, M,
otherwise, it will create the “read upset problem” and might flip the bitcell’s value. In the
45nm process node, during a read operation, M; will be in the “Triode Region” and Ms will
be in the “Saturation Region”. The current flowing through both these NMOS transistors will
be equal. The following equation is modified from the original equation presented in the

literature [6].

Vag = Ven — AV)? AV?
o, Mty (0 = in = ZV07) — ke, M (ta = Vi) AV = =50)

The solution of the above equation is,

CR
AV = (Vada = Vin) (1 - 1+CR>

Where CR = 2/k
Ws/Ls
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The voltage rise with respect to the CR for the 45 nm process node is plotted in Figure 2.5.
As shown in this graph, for AV to be less than 0.4 V, CR should be greater than 0.3. By
keeping CR equal to 1, the rise in voltage will be 0.214 V, which is verified with HSPICE

simulation.
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Cell Ratio (CR)

Figure 2.5. Change in voltage rise with cell ratio (CR).

For the PMOS transistor size, the pull-up ratio is taken into consideration. As shown in
Figure 2-1, if Q is “1” and it is getting flipped to “0”, then the voltage at Q must be lowered
below the switching threshold of the M; NMOS transistor. During the write operation, BL
will be at “0”. For the 45nm process node, M4 will be in the “Saturation Region” and Mg will
be in “Triode Region”. Thus the current flowing from M4 and Mg will be equal. The

following equation is modified from the original equation presented in the literature [6].

Vaa = VedVy — Vi
2

K, M6< ) = Ky, My (Vg — Vi) /2
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The solution to the above equation is,

Vo = Vaa = Vin = | Vaa = Verd? = 2] PRVua = 1V

Where PR = Wa/Ls
We/Lg

According to this solution, the cell voltage is plotted against PR as shown in Figure 2.6. For
the cell voltage to be less than the threshold voltage of the NMOS transistor, PR should be

less than 3.8. By selecting PR to be 2, the cell voltage will be 0.164 V.

0.7

0.6

0.5 /
0.4 /
N pd
ol

Voltage Vs. PR

Cell Voltage (V)

Pull-up Ratio

Figure 2.6. Cell voltage rise versus pull-up ratio (PR).

According to above CR=1 and PR=2, the NMOS width is selected to be 90nm and the PMOS
width is selected to be 180nm. For a compact layout, wordlines are placed horizontally in
metal layer-2 and bitlines are placed vertically in metal layer-3. The supply lines, V44 and
GND are placed on the top and bottom of the layout in the horizontal direction so that

adjacent rows of bitcells can share one of the supply rails. All the internal routing including
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the connection to the gate of the pass transistor and the extra transistor is routed in metal
layer-1. For a faster access time, the bitline is made smaller in length as compared to the
wordline. Figure 2.7, Figure 2.8, Figure 2.9 and Figure 2.10 show the schematic and layout

for the bitcell 4R4W and 8R4W, respectively.

Cross Coupled Inverter

Read Ports

Figure 2.7. 4R4W bitcell schematic.
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Figure 2.9. 8R4W bitcell schematic.
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Figure 2.10. 8R4W bitcell layout.

Table 2.1 shows the area in um? of all the bitcells implemented.

Table 2.1. Bitcell area.

Bitcell | Area (umz) Bitcell | Area (umz)
IR1W 1.78 | 2R1IW 1.69
2R2W 2.26 | 4R2W 2.67
3R3W 2.89 | 6R3W 5.06
4R4W 4.65 | 8R4W 8.17
SR5W 6.02 | 10R5SW 11.99
6R6W 8.16 | 12R6W 16.51
TRTW 10.63 | 14R7W 21.73
8REW 14.36 | 16R8W 27.65
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2.2 Row Decoder Design

The decoder is used to trigger the wordline corresponding to the incoming address. There are
two types of decoder: static and dynamic. A dynamic row decoder uses a clock for the
precharge. Though a static row decoder does not require clock for decoding, in the case of an
SRAM it must be clocked, because the wordline signal has to be LOW during the
precharging of the bitline in the negative phase of the clock. Otherwise, a HIGH wordline
during precharging might upset the stored value (unintended write). In addition to this, if the
wordline is HIGH during precharging, then there can be high power consumption due to the
direct path between V44 and GND through the precharging bitline and the bitcell in the
selected row.

In the static decoder, either the NMOS or PMOS transistors will be in series, depending on
whether it is implemented using NAND or NOR logic. Due to this series connection, the
static decoder is quite slower than the dynamic decoder. To increase the speed of the static
decoder, it is necessary to size the NMOS and PMOS transistors for greater driving strength.
In contrast to that, the dynamic decoder is faster due to better driving strength. The Dynamic
decoder requires N+2 transistors for an N-bit decoder, thus, it has fewer transistors as
compared to the static decoder. The dynamic power consumption of the dynamic decoder
will be high because of the high probability of transitions as compared to the static decoder.
After considering all the tradeoffs, it was decided to implement the dynamic decoder.

The dynamic decoder can be implemented using NAND or NOR logic. NOR logic will be
faster because of the parallel NMOS transistors as compared to the series NMOS transistors

in the NAND logic. Thus, for dynamic logic, the driving strength of NOR type decoder will
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be higher. For layout of the NOR type decoder, all the NMOS transistors must be connected
in parallel, while for the NAND type decoder, all the NMOS transistors must be connected in
series. For parallel connection between all the NMOS transistors corresponding to an address
line, it is required to keep a minimum distance between the active regions of all transistors. In
case of series connection of the NMOS transistors, their active regions can be made
continuous and can use the multi-fingered transistor provided by FreePDK45 [2], thus the
NAND type decoder consumes less area than the NOR type decoder. In addition to the area
consideration, the NOR type decoder will consume more power as compared to the NAND
type decoder. In case of NOR, all the precharged nodes will discharge during the evaluation
phase except for the node corresponding to the selected wordline. While in the case of
NAND, only the node corresponding to the selected wordline will be discharged, and all
other will remain at the precharged value. This will significantly save power. Considering
area, power and speed tradeoffs, it was decided to implement the row decoder using dynamic

NAND type logic.

2.3 Precharge Design

The precharge circuit is used to precharge all the read bitlines before initiating the read
operation. Bitlines are precharged to the V44 using a single PMOS transistor per bitline as

shown in Figure 2.11. For a memory with 32 or fewer entries, the PMOS width is kept

360nm, while for larger memories the PMOS width is set to 720nm.
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Figure 2.11. Precharge schematic.

2.4 Column Multiplexer Design

When the number of rows (words) in the SRAM is larger than the number of columns (word
width), to reduce the access time, it is desirable to restructure the memory so that the number
of rows is halved and the number of column is doubled. Due to the restructuring, we need a
column multiplexer to select data from one of two bitlines. The column multiplexer is
implemented using a transmission gate, as shown in Figure 2.12. If it is required to have one
more level of restructuring, to further reduce the access time, another column multiplexer is
used to select data from the outputs of two column multiplexers. In the current

implementation, no multiplexing, 2-to-1 multiplexing and 4-to-1 multiplexing are supported.
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For the write circuit, the column multiplexer is made part of the write data circuit, which is

discussed in Section 2.6.

Output =

Input 2

GHND Contacts

VDD Contais

Figure 2.12. Column multiplexer schematic.

Figure 2.13. Column multiplexer layout.

As shown in the schematic, the NMOS and PMOS widths are set to 180nm for the
transmission gate. For layout, an inverter is also attached to the transmission gate for
inverting the address line locally for each transmission gate. The area of the column

multiplexer is 1.023 um?”. The layout is shown in Figure 2.13.
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2.5 Sense Amplifier Design

The output data, either from the memory array or column multiplexer, if required, should be
connected to a sense amplifier for faster read operation. A sense amplifier improves the
speed of the read operation by rapidly discharging the bitline. The sense amplifier is
implemented using the cross-coupled inverter latch discussed in the literature [6]. Its
schematic and layout are shown in Figure 2.14 and Figure 2.15, respectively. But instead of
the “sense enable” transistors in both the pull-up and pull-down paths, only NMOS transistor
is used for the “sense enable” input. This will create a series connection with the NMOS
transistors in cross-coupled inverter. For faster read, the inverter is sized up in the sense
amplifier. The width of and PMOS transistor is 360nm and NMOS is also 360nm to maintain
its driving strength due to its series connection with the 360nm “sense enable” NMOS

transistor.

.-.._ u
<9 o aodly =
N

Figure 2.14. Sense amplifier schematic.

22



The total area of the sense amplifier is 1.0685 pm?®. The sense enable input NMOS transistor
is 360nm, but it is implemented using two 180nm NMOS transistors in parallel, as it results

in a more favorable geometry with respect to laying out the full SRAM.
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Figure 2.15. Sense amplifier layout

2.6 Write Driver Design

The write driver is used to drive the write BTL and BTLB to the desired logic level
according to the write enable, clock and data input logic level. The desired logic levels of

BTL and BTLB are given in Table 2.2.
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Table 2.2. Write BTL and BTLB logic values.

Clock | Write Enable | Data In | BTL | BTLB
L X X H H
H L X H H
H H L L H
H H H H L

In the case of column multiplexing, there would be one or two more columns in the above
table showing the write address MSBs. According to these bits, if the bitlines are not selected
then they should remain HIGH, otherwise they should follow or complement the “Data In”
signal in the case of BTL and BTLB, respectively.

The dynamic write circuit can be implemented using pass transistors connected in series for
write enable, data in and also for address bits, in case of the column multiplexer. In this case
the write bitlines must be precharged using the precharge circuit. For example, if Q of the
bitcell is “1” and Qbar is “0” and we want to flip its value, then BTL will discharge to “0”
and BTLB will remain at precharged value i.e., at V44, but it will be in high impedance state.
When the wordline is triggered the access transistor turns ON and so the “0” at Qbar may
start discharging BTLB in the initial phase of the write operation. The “1” at Q can not
increase the voltage at the BTL because of the all ON NMOS transistors in the write circuit.
Thus, BTLB will be lowered from the V44 and BTL is at “0”. This will result in the slower
write operation. To avoid this problem, the robust circuit shown in the Figure 2.16 is used for
write driver. As shown below, a dynamic NAND is used to create BTL and BTLB and these

outputs from the NAND are given to the chain of sized inverters to drive the write bitlines. In
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this way, at any time the write bitlines will be driven by the inverters and will be in a low
impedance state.

In the first inverter, the width of NMOS and PMOS transistors are 180nm and 360nm,
respectively. In the second inverter the NMOS is 360nm wide and PMOS is 720nm wide,
which are implemented as two NMOS transistors and two PMOS transistors in parallel to
yield a favorable geometry for the overall SRAM layout. The area of the write driver for each
case of column multiplexing is given in Table 2.3, below. For the write driver with 2-to-1
column multiplexing, there is only one “col” signal and so there are five transistors (2 for
clock, 1 for write enable, 1 for data and 1 for one address line (“col”)). In the case of no

column multiplexing, the write driver will have only four transistors.
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Figure 2. 16. Schematic of write driver for 4-to-1 column multiplexer.
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Table 2.3. Write driver area.

Column Multiplexer | Area (um®)
NA 1.320
2:1 1.627
4:1 1.656
GND [
- BTL
3 3
VDD 1 -
33
33
RN
Il 3
VDD |
F} . '\___wl_
GND | [ g i i

Inputs: CLK, Write Enalbe, Col-a, Col-b, data

Figure 2. 17. Schematic of write driver for 4-to-1 column multiplexer.
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Chapter 3
Multiported CAM Design

CAMs play a crucial role in an out-of-order superscalar processor. A CAM is a hardware
algorithm to search for the address of a particular bit sequence in the whole memory, ideally
in only one cycle. In a superscalar processor, a CAM is widely used in the “Wake-up” logic
in the Issue Queue and in the “Disambiguation” logic in the Load-Store Unit. When an
instruction is dispatched, it is allocated an entry in the Issue Queue, i.e., its source tags are
written into the CAM port and all other required information (active list ID, load-store unit
ID, branch mask, destination tag, PC, etc.) is stored in the payload RAM part. Now, when the
instruction is “selected” to go forward to the Register Read (RR) stage of the pipeline, it
needs to wake-up any dependent instructions. currently in the Issue Queue. For this wake-up
procedure, it broadcasts its destination tag on a read port of the CAM. The CAM raises the

match lines of the entries that have source tags that match the broadcasted destination tag.

3.1 Bitcell Design

The CAM bitcell can be designed as a NOR type or a NAND type, as described in the
literature [7]. The NOR type CAM is widely used for its faster response time. The NOR type
has better noise margins because of the full swing on the match line (ML). 10-T NOR type
CAM bitcell is shown in Figure 3.1. In an overall CAM, all bitcells in a row form a word and
are connected through a common ML. Data is broadcasted over the select line (SL) and

complemented data on SLB. Whenever there is a mismatch (SL != Q), one of the pull-down
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paths will be ON and the ML will be discharged. If broadcasted data matches stored data in
all of the bitcells in a row, the match line will not be discharged. These parallel pull-down
paths among all the bitcells resemble the NOR type structure. As the number of write ports
and read ports increases, same access transistor and pull-down path are added on both sides
of the bitcell. The write port in the CAM bitcell is the same as that in the SRAM bitcell and

so it will have the same write driver.

L WETLE WHBTL SLB

Wl

"]"ﬂ |_ _| qﬂ Match Line
M7 E |_

Figure 3.1. 10-T NOR type CAM bitcell.

To speed-up the discharging of the match line, the width of the pull-down NMOS transistor
can be increased without impacting the area. Figure 3.2 shows the 4R4W CAM bitcell. Table
3.1 shows the areas of bitcells IRIW, 2R2W, 3R3W, 4R4W, SR5W, 6R6W, 7R7W and

SREW.
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Figure 3.2. 10-T NOR type CAM bitcell.

The select line (SL) carries the broadcasted data, which is compared with the bit values
stored in the CAM. The state of the select line depends on the Clock as well as the input data

3.2 Select Line Driver
and it follows Table 3.2.

the SL is simply the logical AND of the Clock and Data, while SLB

3

table

As shown in this

is the logical AND of Clock and the complemented Data. The select line driver is
29



implemented using dynamic NAND logic, the output of which is driven by a sufficiently
sized inverter. In the NAND logic, NMOS transistors are in series and to improve driving
strength, these NMOS transistors are sized up to 180nm. The area of the NAND in the select
line driver is 0.469 pm?®.

Table 3.1. Multiported CAM bitcells and their areas in pm?’.

Bitcell | Area (umz) Bitcell | Area (umz)
IRIW | 2.554 SR5W | 10.351
2R2W | 3.133 6R6W | 12.857
3R3W | 5.798 TRT7TW | 16.070
4R4W | 7.140 8REW | 19.668

Table 3.2. Truth table showing the state of the select line.

Clock | Data | SL | SLB
L L L |L
L H L |L
H H H |L
H L L |H

3.3 Other Peripheral Cirucuits

The other peripheral circuits are the same as those used in the SRAM: These include the
write driver and row decoder (for the CAM’s write ports) as well as the match line precharge

circuit (same as precharge circuit used for the read bitlines in SRAM).
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Chapter 4

Data Generation and Automated Layout

4.1 Data Generation Tool Flow

The objective of the “Data Generation” tool is to implement an automated tool that, given a
set of input parameters, produces accurate area, read access time, write time and energy
consumption of the desired memory structure. As discussed in Chapter 1, analytical models
suffer in accuracy. It is also not feasible to implement the whole memory structure and then
simulate it at the transistor-level due to the large amount of time taken for simulation and
also the tremendous memory required. Thus, hybrid approach is taken to just create the
critical path and carried out simulation to measure the access time and energy consumption.
While for points of interest, whole memory layout can be generated and simulated. The tool

flow is little bit different for SRAM and CAM, because the worst case is different for both.

4.1.1 SRAM Tool Flow

4.1.1.1 Area

As shown in Figure 2.8 and Figure 2.10, the pass transistors (access transistors) present in the
bitcell can be hidden under the bitline, but can not be hidden under the wordline due to the
minimum allowable spacing by the technology. Thus, the width of the bitcell can be
calculated by knowing the number of ports. This is true for higher number of ports. For too
few ports, for example 2R1W, there are not enough bitlines to hide all the 6 access

transistors. In this case, the width of the bitcell will be the sum of the width of the cross-
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coupled inverters and the number of access transistors placed in one row. So, the width of the
bitcell is

(2 * (PITCH of Metal layer 3) * total number of ports),
width = Max (Number of access transistors * Transistor Width
+Width of the cross — coupled inverters)

Thus, the width of the bitcell is the maximum of the above two factors. As the access
transistors are not hidden under the word lines, they will contribute to the height of the
bitcell. The total height of the bitcell can be calculated as shown below:
height = Total ports x (PITCH of Metal layer 2)

+ (Height of the access transistors

* Number of access transistors in one column in bitcell)
Using above equations, the height and width of the bitcell can be calculated. The total area
consumed by the memory array will be the sum of areas of all the bitcells. The precharge
height can be calculated by knowing the PMOS transistor width used for precharging.
Although all the PMOS transistors will not fit into the width of the bitcell due to many
bitlines (Figure 4.1), there can be two rows of PMOS transistors. If the column multiplexer is
present, then its height should be added to the total height according to the degree of
multiplexing. The sense amplifier height is also added to the total height. As with the
precharge circuit, it is possible to have two rows of the column multiplexers and sense
amplifiers. The number of these rows is calculated by dividing the bitcell width by the width
of the multiplexer. This division shows that how many multiplexers can be placed in one
row. The extra wire routing from the bitcell to the column multiplexer and to the sense

amplifier is also taken into account. Approximately, there are as many as total read-port
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bitlines routed horizontally for interconnections to the multiplexer as well as to the sense
amplifier. The write driver height is added to the total height. The sense enable, write enable
signal and address bit signal separate for each port will be routed in horizontally to each
circuit and that will increase the total height. The row decoder will increase the width of the
total memory. The pull-down circuit (NMOS) of the row decoder is hidden under the address
lines routed vertically (Figure 4.2). The width of this pull-down circuit will be 2 * PITCH of
metal layer-2 * number of address lines used in the row decoder. The width of PMOS
transistor, used in precharge circuit in row decoder, need to be added for all the ports. The
width of the word line driver is also added for each port. Total area is calculated by

calculating the total width and total height.

Figure 4.1. Placement of precharge circuits.

33



WAl W e ey

t

W A Wt A

4.1.1.2 Access Time and Energy Consumption

The access time and energy consumption are measured by simulating the critical path. For
the critical path generation, first, the two rows and one column of SRAM bitcells are
instantiated, as shown in Figure 4.3. The choice of the two rows of bitcells is discussed later
in Section 4.2. If we take the largest SRAM produced by FabMem like 16R8W 512X32, then
the length of the bitline will be 526 um. The resistance of such a wire is 1.8 kQ, which is
quite smaller than the resistance of an NMOS transistor. Thus, bitcells are C+CC (intrinsic
and coupling capacitance) extracted netlist, but not R+C+CC. Due to the absence of
resistance (R) in the extracted netlist, the location of the row and column will not affect the
measurement of access time and energy. All the bitcells in the same row have a common
wordline for each port but different bitline and all the bitcells in same column have common

bitline for each port but different wordlines. After placing bitcells, a separate precharge
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circuit is instantiated for each read bitline. In the same way, a column multiplexer (if
present), sense amplifier, write driver and output driver are placed with appropriate
interconnections to each other and to the bitlines. For the input to the wordline, first the input
address line driver is placed and its output is connected to the inputs of the two row decoders
present for the two rows of memory. The output from the row decoder is given to the input of
the wordline driver.

The basic bitcell netlist is an extracted netlist. So, it covers delays caused by the wordline
and bitline, which are major components of the total access time delay. All other circuits are
not extracted netlists and so they require modeling the intrinsic and parasitic capacitances of
the remaining wires. The intrinsic and coupling capacitances are calculated using the
following formula [8] for three parallel lines on the same layer over a ground plane. Here, S
= gpacing between two wires, W = width of the wire, T = thickness of the wire, H = height

from the ground plane.

0.0275
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For measuring energy consumption, different voltage supplies are used for each circuit

instantiation. The objective is to measure the read energy consumption and write energy
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consumption for a given memory structure. In the critical path only one column and two rows
are placed. So, the bitlines corresponding to the row 1 and column 2 bitcell will be
precharged very fast as compared to the row 1 and column 1 bitcell, and they will not
represent the actual results. So, even for the same circuit, for example sense amplifier, a
different voltage supply is used for the one port of the row 1 and column 1 bitcell, separate
from the voltage supply for other ports and other bitcells. The supply voltage distribution is

shown in Figure 4.4, below.
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Figure 4.3. Critical path in SRAM.
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Figure 4.4. Supply voltage distributions.

Energy consumed in each of these supply voltages is measured to calculate the read energy
and write energy consumption per port. This energy is multiplied by the width of the memory
or depth of the memory, depending on the circuit, to calculate the total energy consumed in
that circuit. For example, to measure the precharge energy, the energy obtained from the

above supply is multiplied by the width of the memory (number of bitcells in each row).
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4.1.2 CAM Tool Flow

4.1.2.1 Area

The CAM bitcell has more transistors than the number of bitlines. For example, the 4R4W
CAM bitcell has 16 bitlines (8 write bitlines and 8 select bitlines), where it has 28 transistors
(4 in cross-coupled inverters, 8 write access transistors, 16 for comparisons). Thus, the width
of the bitcell can be calculated by knowing the number of transistors in each row. The width
of the CAM bitcell is given by:

number of row transistors
2

width = < + 1) * Width of double fingered transistor

The height of the CAM bitcell can be calculated from the total number of WL and ML and
the number of NMOS transistors in one column in the bitcell layout.
height = (read ports + write ports) * PITCH of metal layer 2
+ number of transistors in one column * (height of the NMOS

+ PITCH of metal layer 2)

The match line precharge circuit width is added to the total width. As in the SRAM case, the
row decoder length and word line driver length is added to the total width. The select line
driver height and write driver height are added to the total height. The increase in height and

width due to the wire routing is also added to the total height and width.
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4.1.2.2 Access Time and Energy Consumption

For the access time and energy consumption measurements the critical path shown in Figure
4.5 is simulated. The critical path consists of one row and one column of bitcells, connected
by sharing a wordline and match line and bitline, respectively. For measuring of the energy

consumption, the same voltage supply distribution is done same as in the SRAM case.

Write Driver |
L1 1111 11

Row Decader R Select Line Driver | ||
™~

- - - (=]
J_ 1 recharge

T

A
—I— .

VAN

- .

Address Lines

Figure 4.5. Critical path in CAM.

4.2 Test Vectors and Measurements

The test vectors to measure the access time and energy consumption should trigger the worst-
case scenario. For the worst case, both the loading on the bitcell as well as the parasitic
capacitance should be taken into account. The energy consumption will be more if the access

time is more. So, during the energy consumption measurement it is assumed that the worst-
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case access time will give the maximum energy consumption. The test vectors and

measurements for SRAM and CAM are described in Sections 4.2.1 and 4.2.2, respectively.

4.2.1 SRAM

The bitlines are placed on metal layer 3. In a multiported SRAM, there are many bitlines and
so they are spaced by the minimum allowable distance in the 45 nm technology node to
minimize the area of the bitcell. This creates large parasitic capacitances between adjacent
bitlines. The bitlines are placed in the following order from left to right:
Write BTLB (1 to N) — Read BTLB (I to N) — Read BTL (1 to N) — Write BTL (I to N)
The coupling capacitance between two wires produces cross-talk noise [6] and introduces
coupling delay, slowing down the driving of the victim wire. The simplified equation of
capacitance of the victim wire is given by [9]. The B factor is positive if both the victim and
aggressor are working in one direction and negative for the opposite case.

C = Cine + (1= B)Ceouple
Before initiating a “Read”, all bitlines are precharged to Vqq4. If the bitline is reading “0”, then
it will discharge towards GND and if it is reading “1”, then it will stay at “1”. Due to
precharging to Vg4, two bitlines will never be working in opposite directions (one discharging
and one charging), because one of them will be stable at Vg4q. If both are discharging then 3
will be positive and so they will help each other and reduce the delay. So, in the worst-case, a
bitline will be discharging and its adjacent bitlines will be stable at V44. Table 4.1 shows how

the coupling capacitance varies in an 8R8W bitcell.
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Table 4.1. Intrinsic and coupling capacitance in 8R8W bitcell.

R1 BTL intrinsic capacitance | 0.036100 fF
Coupling Capacitance

R1_BTL to R2_ BTL 0.230800 F
R1 BTL to R3 BTL 0.004000 fF
R1 BTL to R4 BTL 0.000693 fF

In a multiported SRAM, many ports can read the memory from different locations. If all the
ports are reading from the same location, all the bitlines will be discharging through the same
NMOS transistor. Such simultaneous reads will be the worst-case for the access time
consideration. In summary, both coupling noise and simultaneous reads must be evaluated to
determine the worst-case access time. Table 4.2 shows the access times for bitcells from
8R8W to 2R2W, varying the number of ports for simultaneous access. During the simulation,
if the port is not simultaneously reading the bitcell then it is reading the bit value “1” in
another location to maximize the coupling noise. The access time is measured on port 1.
During this simulation, the write enable was kept LOW so that all the write bitlines remain at
V4. This will maximize coupling delay with read bitlines.

Table 4.2. Access times of different bitcells until sense amplifier is triggered.

Simultaneous read on | 1 2 3 4 5 6 7 8
ports

8R8W 0.337 | 0.373 | 0.407 |0.438 |0.451 |0.481 |0.501 |0.502
TRTW 0.3269 | 0.3588 | 0.3901 | 0.4201 | 0.4307 | 0.4448 | 0.4608
6R6W 0.3193 | 0.3548 | 0.3808 | 0.3986 | 0.4232 | 0.4369

SR5W 0.3178 | 0.3416 | 0.3614 | 0.3819 | 0.3949

4R4W 0.3164 | 0.3407 | 0.3693 | 0.3769

3R3W 0.3029 | 0.3581 | 0.3869

2R2W 0.3073 | 0.3516
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From Table 4.2, it is clear that the worst case is simultaneous reads on all ports of the same
bitcell. The second worst-case is simultaneous reads on Rp-1 ports, while the bitline adjacent
to port 1 is reading “1”. On average, for all the bitcells, the second worst-case is near to the
worst-case. The second worst-case covers both simultaneous reads, because Rp-1 ports are
reading from the same location, and the worst-case coupling delay, because both of the
bitlines adjacent to the port 1 are stable at Vgg. Thus it is clear that both the cases (Rp
simultaneous reads and Rp-1 simultaneous reads) should be evaluated for finding the worst
case. From the Table 4.1 it is clear that coupling capacitance is very significant for the
adjacent bitline, while for the next-to-adjacent bitline it does quite insignificant and so do not
have any effect on delay.

A “write” operation can not be done with more than one port writing to the same location.
While the clock is LOW, all the write bitlines are kept HIGH. For a “write” to occur, either
BTL or BTLB will transition from HIGH to LOW. For worst-case consideration, all ports
except port 1 are disabled by keeping their write enables LOW so that adjacent bitlines will
be at V4.

Based on the analysis above, testing is carried out using the following sequence of
operations. A “RED” line indicates the bitline is at V4g, while a “BLUE” line shows the

bitline is discharging towards GND.
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Cycle 1: Data = “1”’ is written into Bitcell 0 in Row 0, as shown in Figure 4.6.

Write BTLB Write BTL

Figure 4.6. “Write” operation in Cycle 1.

Cycle 2: Data = ‘1’ is written into bitcell 0 in Row 1, as shown in Figure 4.7.

Write BTLB Write BTL

Figure 4.7. “Write” operation in Cycle 2.
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Cycle 3: Data = “0’ is written into Bitcell 0 in Row 1, as shown in Figure 4.8.

Write BTLB Write BTL

Figure 4.8. “Write” operation in Cycle 3.

For the “Read” operation:

Cycle 3: Simultaneous reads on all the ports on address 0 as shown in Figure 4.9.

Read BTLB Read BTL

Figure 4.9. “Read” operation in Cycle 3.
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Cycle 4: All the ports read address 0 (row 1) except for the port adjacent to the port, as

shown in Figure 4.10.

Read BTLB Read BTL

Figure 4.10. “Read” operation in Cycle 4.

During cycle 1, only the write operation on address 0 is active. During cycle 3, the opposite
of the value in cycle 2 is written to the address 1 to ensure that the bitcell is actually getting
written and its stored value is getting flipped. In some cases, it might be possible that from
the start of the simulation, the bitcell is holding “1” and by writing “1” in cycle 2, the write
latency can not be measured. By writing first “1”” and then “0”, it is ensured that the bitcell is
getting written and correct write latency is measured. During cycles 1, 2 and 3, the dynamic
write energy consumption can be measured in all the peripheral circuits as well as the
bitcells. During cycle 4, the static energy consumption in the write driver, word line driver
and row decoder can be measured.

During cycle 3, simultaneous reads are performed and the access time is measured. During
cycle 4, read port-2 will be reading address 1 and so that bitline will be reading the opposite

value as compared to other bitlines. The read access times will be the maximum of the read
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access time measured during cycle 3 and cycle 4. During cycles 1 and 2, the read ports are
not reading and so static energy consumption in the row decoder, word line driver, sense
amplifier, precharge, etc., can be measured. During the static energy consumption
measurement, the gate leakage energy in peripheral circuits is not measured. The leakage
energy for each bitcell is pre-computed and used to calculate the total leakage energy of the

memory array. The bitcell leakage energy includes both the gate leakage and drain leakage.

4.2.2 CAM

In the CAM, the dominant contribution to total delay is the match line delay. If only a single
bit is mismatched with the broadcasted data bits, then the match line will discharge through a
single pull-down path present in that bitcell. Until this match line gets discharged to the
desired voltage level, it is not known whether or not the entry matches. During discharge of
the match line, if adjacent match lines are kept at V44 then they will have additional coupling
delay. For “write” operation, the following sequence of operations is performed:

Cycle 1: Write the bit pattern 101010... into address 0 as shown in Figure 4.11.

Cycle 2: Write the bit pattern 010101... into address 0 as shown in Figure 4.11.

101010... 010101...

—— >

Figure 4.11 “Write” operations in cycle 1 and cycle 2.

46



Cycle 3: Write port is disabled.

Cycle 4: Write port is disabled.

For “read” operation, the following sequence of operations is performed:
Cycle 1: On all the read ports, data 111111... is broadcasted (don’t-care case).
Cycle 2: On all the read ports data 111111... is broadcasted (don’t-care case).

Cycle 3: Broadcast the bit pattern 010101... on all ports, as shown in Figure 4.12.
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Figure 4.12 “read” operation in cycle 3.

Cycle 4: Broadcast the bit pattern 11010101 on port 1 and 010101 on all other ports as

shown in Figure 4.13.
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Figure 4.13. “read” operation in cycle 4.

From the above bit patterns, it is clear that in cycle 3, all the read ports will match with the
stored data and their match line will not discharge. In cycle 4, the broadcasted data on port 1
will mismatch only in the first bitcell and the match line corresponding to that port will
discharge through the pull-down path in that bitcell. All other matchlines will stay at Vg,
which will create coupling delay on the discharging match line. The static and dynamic
energy consumed in the select line driver, matchline precharge, row decoder, write driver etc.

are measured during their idle periods.
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4.3 Automated Layout Tool Flow

The multiported SRAM and CAM compiler is a tool that generates a wide variety of compact

memory structures. The tool uses manually implemented basic circuits for automated

placement and route of each basic circuit using scripts.

4.3.1 SRAM

For the automated layout generation, the SKILL language supported by Cadence Virtuoso

6.1.2 is used. The placement and route of basic circuits follows the high level block diagram

shown in Figure 4.14 for SRAM.

Address Driver

Row Decoder

Address Driver

Row Decoder

Output Driver

Write Driver

Sense Amplifier

Column Multiplexer

Address Driver

Precharge

Word line Driver

HINRRRRRRRRERNN

SRAM Array

Word line Driver
Row Decoder
L ]
Row Decoder

Column Multiplexer

Address Driver

Sense Amplifier

Output Driver

Figure 4.14. High level view of placement and route in SRAM.

The layout is initiated with the placement of bitcells to create the “Memory Array” as per the

input of degree of column multiplexing. On every alternate row, the bitcells are flipped
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vertically so that two rows of bitcells can share either the GND or Vyq line. In the layout of
bitcell, the bitline and wordline are kept long enough so that when they are placed, they got
connected with adjacent bitcells. After the memory array, word line drivers and row decoders
are placed. Half of the total numbers of address ports are distributed on each side of the
memory array. For this distribution, first the layout of the bitcell is read using its “database
object” and then it is queried to find the location of each word line. Then word lines are
sorted in order and, for every alternate wordline, a row decoder is placed either side. As each
port has different address lines, each row decoder requires separate space. For simplicity, the
placement of the wordline driver is done in a similar fashion, resulting little more area as
compared to an optimized placement. Such increase in area will be low for a small number of
ports. In the current implementation, the selection of wordline driver is kept fixed
(independent of the wordline length) and consists of three sized inverters in a chain. Half of
the address line input ports are distributed on each of the upper and lower sides of the layout.
Thus, address input ports are evenly distributed in each corner of the memory. This
distribution is carried out to make the whole layout more compact and to contain the used
area within a rectangular shape. Each row decoder has all address lines and inverted address
lines as inputs. The address lines and inverted address lines are adjacent to each other and
will have larger coupling capacitance. To decrease this coupling, they are alternatively placed
in metal layer-1 and metal layer-2.

Precharge circuits are placed on the top of the memory array. The placement of all the
circuits connected directly or indirectly to bitlines is carried out in such a way that bitlines

are routed as little as possible and also bent as little as possible. The precharge circuits can
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not be placed linearly in one row, because if it is placed outside of the bitcell width then the
bitline needs to be routed more. Such routing will increase further when we move to the next
bitcell, and so on. Thus all the precharge required by a bitcell are accommodated in its width
by placing them in two rows and these two rows share the clock in between them. Half of the
read output ports are distributed on each of the top and bottom sides of the memory array.
The column multiplexer is placed according to the degree of column multiplexing specified
in the input. Write drivers are also placed in two rows to fit into the width of the bitcell. In
the current implementation, 10 pads are not implemented and so the input data to the write
driver is not routed from outside of the layout, but it originates from the input to the write
driver. Different examples of layouts are presented in the Section 4.4.

The separate netlist generator produces the netlist corresponding to the generated layout. This
netlist can be used for LVS (Layout versus. Schematic) checking: confirming the layout
matches the schematic. After generating a large number of memories, it is assured that the
memories generated by the compiler successfully pass the DRC (Design Rule Check) and
LVS checks. The parasitic extraction (PEX) of the error free layout can be carried out to
generate extracted SPICE netlist of whole memory for simulation purpose. The integrated
tool flow of the “Data Generation” and “Layout Generation” tools is shown in Figure 4.15.

The tool flow also shows where human presence is required.
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Figure 4.15. Integrated tool flow.
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4.3.2 CAM

The CAM compiler is very similar to the SRAM compiler. The high level layout is shown in

Figure 4.16.

Select line Driver

Address Driver Write Driver

CAM Array

Row Decoder
[ ]
Row Decoder
Word line Driver

Match Line Precharge

Address Driver Writa Driver

Figure 4.16. High level view of placement and route in CAM.

As shown in the figure, all row decoders corresponding to the write ports are placed on the
left side of the memory array. The write drivers are divided and placed on both the upper and
lower sides of the memory. To accommodate the bitcell width, the select line drivers are
placed in multiple rows depending on the number of read ports and the bitcell width. The
integrated tool flow for the CAM compiler will look exactly like Figure 4.15, except for the

variability of degree of column multiplexing.
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Figures 4.17 to 4.20 shows the layouts of some sample SRAMs and CAMs generated by the

4.4 Sample SRAM and CAM layouts

tool.

Figure 4.17. 128 X 32 4R4W with 4:1 column multiplexer SRAM layout.

Figure 4.18. 128 X 32 8R8W with 2:1 column multiplexer SRAM layout.
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Figure 4.19. 64 X 64 16R8W SRAM layout (not all layers are visible).

Figure 4.20. 24 X 32 4R4W CAM layout.
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Figure 4.21. 24 X 32 8R8W CAM layout.
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Chapter 5

Verification and Validation

The stability of the bitcell and noise margins are critical issues in sub-micron technology
nodes. SRAM failures might occur due to alpha particle strikes, due to read noise or due to
variations in process parameters. Thus, analysis of the tolerance of SRAM produced by
memory compiler is required. It is also insightful to analyze the error in the estimates
generated by the data generation tool, by comparing against simulations of the extracted full
memory layout. It is also insightful to compare the tool with the cache modeling tool,
“CACTI” [4,10].

5.1 Comparison of Results

5.1.1 Full Memory Layout

Area, access time and energy consumption estimates generated by the data generation tool
are verified against actual results from the whole memory layout generated by the automated
layout generation tool. Tables 5.1 and 5.2 show the accuracies of area, access time and power
consumption for different configurations of SRAM and CAM, respectively. Due to both
positive and negative errors, root-means-square (RMS) error is calculated. As shown in the
Table 5.1 the RMS error is 5.97% in area, 13.62% in read access time, 13.52% in write time
and 10.85% in power. For CAMs, RMS error is 9.78% in area, 15.28% in read access time,

13.05% in write time and 16.47% in power.

57



Table 5.1. Error analysis for SRAM: Comparison of estimates from data generation tool
with simulation results from full memory layout.

Configuration | % Error % Error (Read % Error (Write % Error
(Area) Time) Time) (Power)

32X32 6R3W -2.06 -10.48 -12.71 -7.95
32X32 8R4W -3.74 -11.83 -11.34 2.05
32X32 10R5W | -5.05 -11.05 -10.52 1.04
32X32 12R6W | -4.98 -12.55 -18.73 15.88
32X32 14R7W | -5.99 -9.38 -12.54 21.78
32X32 4R4W -5.90 -23.46 21.26 -6.92
32X32 5SR5W -5.14 -15.94 -8.02 1.73
32X32 8R8W -10.94 -7.87 -6.13 9.82
RMS Error 5.97 13.62 13.52 10.85

Table 5.2. Error analysis for CAM: Comparison of estimates from data generation tool with
simulation results from full memory layout.

Configuration | % Error % Error (Read % Error (Write % Error
(Area) Time) Time) (Power)

32X16 1R1W -17.25 -28.22 -16.12 -15.80
32X16 2R2W 2.09 -7.04 -15.90 -25.64
32X16 3R3W -8.80 -12.21 -10.72 -26.10
32X16 4R4W -6.51 -4.24 -14.81 -17.42
32X16 SR5SW -7.73 -7.02 -11.88 -7.97
32X16 6R6W -10.04 -18.86 -12.01 -4.04
32X16 7TRTW -7.34 -13.32 -12.28 -13.91
32X16 SR8W -11.40 -16.49 -8.92 -2.55
RMS Error 9.78 15.28 13.05 16.47
5.1.2 CACTI

CACTI [10] is an analytical tool for modeling the area, access time, dynamic power and

leakage power of caches and other memories. CACTI uses the ITRS roadmap to model

device parameters. ITRS uses MASTAR [18] to estimate device characteristics like Ly, Lo,
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physical gate length, electron and hole mobility, threshold voltage, oxide thickness, etc. We
scaled CACTI to match with FreePDK45 [2] technology parameters. The results from the
data generation tool are also compared with the results from scaled CACTI 5.3. For
generating results using scaled CACTI, a pure RAM interface with one bank structure and no
single-ended read is assumed. The technology node is kept 45 nm (FreePdk45) and all
transistors are of the type ITRS-LSTP [11]. The supply voltage (Vqq) is kept 1.1 V in both
cases. The difference with respect to scaled CACTI 5.3 is shown in Table 5.3. The negative
difference signifies that the result produced by FabMem is lower than the CACTI. For
comparison the number of ports of 128X32 SRAM is varied from 3 to 24. The area, access
time and read energy curves for CACTI and FabMem is shown in the Figure 5.1 and 5.2. As
shown in figure, the difference in area is maximum while the difference between the read
time is minimum.

Table 5.3. Comparison with CACTI.

Configuration % Difference % Difference % Difference
(Area) (Read Time) (Energy)

128X32 2R1W -51.87 -23.64 138.76
128X32 4R2W -74.61 -11.61 120.90
128X32 6R3W -78.80 -13.82 91.46
128X32 §R4W -80.89 -17.40 56.30
128X32 10R5W -82.15 -20.67 34.85
128X32 12R6W -82.98 -25.22 24.89
128X32 14R7TW -83.33 -23.77 21.87
128X32 16R8W -83.64 -29.77 12.84
Average % -77.28 -20.74 62.73
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The CACTI targets the large cache memories and so it divides the given memory into banks,
subbanks, mats and subarrays to produce hierarchical design, which is necessary for high
performance cache memories. FabMem targets small size multiported memory compared to

the cache memory and so it does not implement such a hierarchical design.
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Figure 5.1 Area and Access Time Comparison of CACTI and FabMem
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Figure 5.2 Read Energy Comparison of CACTI and FabMem
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5.2 SRAM Noise Margin

Noise margin reflects the robustness of the design. It is resilience of the design in the event of
a disturbance. If the disturbance is greater than the noise margin of the bitcell, then it will flip
the stored value. To ensure that flipping does not occur, it is desired to have a sufficiently
larger noise margin. In the case of SRAM, three types of noise margins need to be evaluated:

hold noise margin, read noise margin and write noise margin.

5.2.1 Hold Noise Margin

When the bitcell is in IDLE condition, wordline WL = 0 and bitline BTL = 1, the noise
margin is evaluated using the procedure mentioned in [12]. First, the feedback loop in the
cross-coupled inverters is broken, as show in Figure 5.2. WL is kept LOW and BTL is kept
HIGH. The voltage at V1 is swept from 0 to V4q and the voltage at V2 is measured and the
corresponding VTC (Voltage Transfer Curve) is plotted with Real(y) vs. Real(x). The same
VTC is plotted again, but with Real(x) vs. Real(y) orientation. These two graphs are
overlapped on each other to obtain the “Butterfly” curve shown in Figure 5.1. The Static
Noise Margin (SNM) is determined by measuring the length of a side of the largest possible
square in both openings of the butterfly curve. If the butterfly curve is asymmetric, the
smaller square is considered for measurement. In the butterfly curve of Figure 5.5, the hold

SNM is 376 mV.
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Figure 5.4. Schematic for the VTC plot.

5.2.2 Read Noise Margin

Read noise margin is measured using the same procedure as for the hold noise margin, but
the word line is held HIGH. All other conditions are the same as for the hold noise margin.
As shown in Figure 5.6 and 5.7, the RSNM (Read Static Noise Margin) for a 4R4W bitcell is
153 mV, while the RSNM for a SRSW bitcell is 378 mV. Due to decoupling between the
stored charge and the bitline through an extra transistor, the RSNM for SR5W (and even

higher ports bitcell) is better than the RSNM of 4R4W.

5.2.3 Write Noise Margin

For the write noise margin measurement, two VTCs are plotted. For the first VTC, the bitline

BTL is kept HIGH and for the second VTC, BTL is kept LOW [13]. The butterfly curve is
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then obtained to measure the static noise margin. As shown in Figure 5.8 the write SNM is

406 mV.
] MLTERM
S VR
ol 8 1 ll TG
iy L LR O]
Dol N4 "
_ didn !
] 1 __.t" wyulikh
- i [ ol (R Yol
_ Il ami i
'_ g Ln..lﬁm
) 4 PVl i
4 wlil
- i i
3
0 ,-"
-
" 1] I;i.' ]

Figure 5.5. Hold Static Noise Margin.
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5.3 CAM Noise Margin

The write port into the CAM is same as that of the SRAM. So the write noise margin will be

the same as that of the SRAM. The hold and read noise margins are measured the same way

as we did for the SRAM. For the first VTC of read noise margin, the select line is kept HIGH

and for the second VTC it is kept LOW. Figures 5.9 and 5.10 show the hold noise margin

and read noise margin, respectively. For the CAM, the hold noise margin is 367 mV and the

read noise margin is 379 mV. In the CAM, during the read operation, the only noise source is

the gate leakage current. The gate leakage is very small in amplitude compared to the drain

leakage and so the read noise margin is quite close to the hold noise margin.
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Figure 5.10. Read noise margin in CAM.

5.4 Bitcell Failure Analysis

Bitcell failure analysis is presented in [14] for both one-sided and two-sided disturbances. In
a one sided disturbance, noise applied on either end of the cross-coupled inverters, while in a
two-sided disturbance, noise is applied at both ends of the bitcell. SRAM failures due to read
noise and alpha particle strikes [15] usually occur due to one-sided disturbances, but for the
present analysis, the more conservative two-sided disturbance is considered.

Consider Figure 2.1 (basic 6T SRAM). Suppose a “1” is stored at Q and “0” is stored at
Qbar. In [14], Q is represented as “R” (right side) and Qbar is represented as “L” (left side).

For failure analysis, it is assumed that positive noise, NOISEy, is applied at the “L” end and
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negative noise, NOISEg, is applied at the “R” end. The condition for instability is shown
below. The detailed explanation of this equation is given in [14].
(@ X Vigain)) + b > f(V(gain)) — NOISER

For any NOISE;, as long as NOISEr <= f(Vigain)) — ((@ X Vi(ein)) + b), the bitcell will be
stable. The coefficients a and b are calculated using values obtained from VTCs and
equations presented in [14]. Using these values, different NOISE; and NOISEy are obtained
and plotted in Figure 5.11. Figure 5.11 shows the required positive NOISE; and negative
NOISEg, to move the cell from a stable state to a metastable state. Beyond these values cell

will fail and flip the stored value.

Cell Failure Analysis
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S 0.200
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>
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NoiseR/Noisel pair

Figure 5.11. Bitcell failure analysis.
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5.5 Variation in RSNM

Precharging the bitlines consumes a large fraction of the total energy consumption. To reduce
the total energy consumption, the bitlines can be precharged to a different voltage than Vgyq.
During the read operation, the bitline voltage acts as a noise source to the bitcell voltage. So,
as the precharge voltage is changed, the RSNM will be changed. Figure 5.12 shows that, as
the precharge voltage is decreased from Vg4 (1.1 V) to 0.5 V, the RSNM increases linearly,
but after V44/2 (0.55 V), the RSNM decreases.

It is also possible to change the substrate voltage other than connecting it to the GND, in the
case of NMOS, to reduce the leakage power. By dynamically changing the body bias in the
access transistor, the threshold voltage can be changed dynamically and leakage current can
be minimized, although changing the body bias might impact the operating speed of the
transistor. Moreover, changing the body bias, it might impact the RSNM. During the read
operation and even in the IDLE mode of the bitcell, the leakage current through the substrate
acts as a noise source to the bitcell. Due to multiple ports, there are many access transistors.
As the body bias of access transistor is changed, the substrate leakage current is also changed
and it can impact the RSNM. Figure 5.12 also shows that RSNM decreases linearly as body

bias is increased from 0 to 0.6 V.
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Figure 5.12. Impact on RSNM by varying the precharge voltage and body bias voltage.

The graph for optimal RSNM is generated by keeping the precharge voltage at the 0.6 V and
varying the body bias from 0.0 to 0.5 V. Figure 5.12 clearly shows that for a precharge
voltage of 0.6 V and body bias of 0.2 V the RSNM is 154 mV, which is the same RSNM as
in the normal operating case. Thus, using these values for precharge and body bias, a
reasonable balance between speed and leakage can be obtained. The actual impact of these
precharge and body bias values on read access time and power consumption using HSPICE

simulation will be evaluated in future work.
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Chapter 6

Results and Accuracy Analysis

Before making any design decision, it is important to analyze its effect on area, power and
clock frequency, It is also important to know how the area, access time and energy
consumption vary when the structure sizes are varied, number of ports are varied and
implementation is varied. The following sections give a detailed analysis on the variation in
area, access time and energy consumption by varying the different parameters of the memory

structure.

6.1 Area

Area is an important parameter and needs to be analyzed in multiported memory structures.
Multiported memory structures feature large bitcells with many transistors and have
significant impact on overall chip area. In addition, as the number of ports increases, the
number of peripheral circuits also increases linearly. Figure 6.1 shows how area increases
with the number of ports. Figure 6.1 shows the area for 128 X 32 and 256 X 32 SRAMs by
varying the number of ports from 3 to 24 (i.e., from 2R1W to 16R8W) and the area for 64 X
16 and 32 X 16 CAMs by varying the number ports from 2 to 16 (i.e., from 1IR1W to SREW).
Table 6.1 shows the effect on area by varying the degree of column multiplexing from none
to 4:1. As we fold the memory and add column multiplexer, the number of row decoders and
word line drivers are halved, but the numbers of other peripheral circuits (precharge circuit,

write drivers, column multiplexers) and interconnections increase.
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Figure 6.1. Area vs. number of ports in SRAM and CAM.

Table 6.1 Variation in area by folding the SRAM

64 X 32 4R4W SRAM | Area (mm”)
No column multiplexer | 0.01465

2:1 column multiplexer | 0.01381
4:1 column multiplexer | 0.01758

From figure 6.1, the area increases exponentially with an increase in the number of ports and
an increase in size. The increase in area in each type of memory is approximately 70% for
SRAM as we move from 128 X 32 to 256 X 32 and 95% for CAM as we move from 32 X 16

to 64 X 16.
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6.2 Read Access Time

Figures 6.2 and 6.3 show the read access time vs. the number of ports and number of entries
for both SRAM and CAM, respectively. In the previous section it was shown that the area
increases exponentially with the increase in the number of ports and so it is expected that the
read access time will increase exponentially or linearly with a high slope. But due to the
placement of the extra pull-down transistor in the bitcell and other optimizations, rise in
access time is milder. The figure also shows a linear increase in read access time with more
entries.

Table 6.2 shows the effect of folding the memory on the read access time. As we fold the
memory and add the column multiplexer, the length of the bitline becomes half, but wordline
length doubles. When the wordline delay starts dominating the bitline delay, the gain in

access time becomes negative.
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Figure 6.2. Read access time vs. number of ports and entries in SRAM.
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Table 6.2. Variation in read access time by folding the SRAM.

64 X32 4R4W SRAM | Read Access Time (ns)
No column multiplexer | 0.873500
2:1 column multiplexer | 0.615300
4:1 column multiplexer | 0.666700

07 Read Access Time (CAM) Read Access Time (CAM)
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Figure 6.3. Read access time vs. number of ports and entries in CAM.

6.3 Read Energy

Figures 6.4 and 6.5 show the total read energy vs. number of ports for SRAM and CAM,
respectively. If the Figures 6.2 and 6.3 are compared with the Figures 6.4 and 6.5,
respectively, then it is clear that the read energy consumption increases in a same way as the
read access time. For each type of SRAM bitcell, as we move from 128X32 to 256X32, on
average read energy increases by 41%. For the CAM, as the size increases from 32X16 to
64X16, on average, the read energy increases by 100%. The Table 6.3 shows the variation in

read energy by varying the degree of column multiplexing. As the column multiplexer is
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added, twice as many bits are read and twice as many bitlines are precharged. Thus, the read

energy increases when the memory is folded to add the column multiplexer.
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Figure 6.4. Total read energy in SRAM.
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Figure 6.5. Total read energy in CAM.
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Table 6.3 Variation in Read Energy by folding the SRAM

64 X 32 4R4W SRAM | Read Energy (pJ)
No column multiplexer | 9.281132
2:1 column multiplexer | 11.28335
4:1 column multiplexer | 19.36744

6.4 Write Time

The “Write” operation is quite different from the “Read” operation. “Read” is a sequential
operation. For “Read”, first the input address is decoded, then wordline is driven; when
wordline reaches the threshold voltage of the access transistor, the read bitline starts reading
by discharging, in case of reading “0”. All these steps are a chain of operations. In the case of
“Write”, the address decoding and the wordline driving are done in parallel with the write
bitline driving. When both the wordline and bitline reach their desired voltages, the bit value
gets written into the bitcell. This yields less write latency as compared to the read latency.
Figures 6.6 and 6.7 show write time for SRAM and CAM, respectively. The write time
increases by approximately 5% from 32 X 32 to 64 X 32 for SRAM. For CAM, it increases
by 18% from 32 X 16 to 64 X 16. Table 6.4 shows the variation in write time as the degree of

column multiplexing is varied.
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Figure 6.6. Write latency in SRAM.
Table 6.4. Variation in write time by folding the SRAM.
64 X 32 4R4W SRAM | Write Time (ns)
No column multiplexer | 0.591700
2:1 column multiplexer | 0.541900
4:1 column multiplexer | 0.724300
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Figure 6.7. Write latency in CAM.
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6.5 Write Energy

Figures 6.8 and 6.9 show the write energy in SRAM and CAM, respectively. It is observed
that as the size of the SRAM is increased from 128X32 to 256X32, on an average, write
energy increases by 33%, and as the size of the CAM is increased from 8X16 to 16X16,
write energy increases by 14%. Table 6.5 shows write energy variation with respect to the
degree of column multiplexing. As the column multiplexer is added, the number of write
bitlines doubles, which increases the write energy.

Table 6.5. Variation in write energy by folding the SRAM.

64 X 32 4R4W SRAM | Write Energy (nJ)
No column multiplexer | 4.745384

2:1 column multiplexer | 6.404908

4:1 column multiplexer | 13.637446
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Figure 6.8. Write energy in SRAM.
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Figure 6.9. Write energy in CAM.

6.6 Clock Tree Power and Power Breakdown

The clock is a global signal like V44 and GND, routed to many areas of the memory. In the
current implementation of the multiported SRAM, the clock is routed to the decoder of each
port, the precharge and the write driver circuits. The decoder is implemented using dynamic
logic, so the clock is present in both the pull-up and pull-down paths. If the memory is 8R4W
type, then there will be a total of 24 clock sinks for the decoder. This clock should be driven
using a clock tree, which is a special circuit to drive the clock at each sink and also to handle
clock skew. In the current implementation, a clock tree is not implemented and the clock is
directly driven from the input. Thus clock tree power is not explicitly modeled. For the clock
sinks in the row decoder, the length of that clock segment will be the same as the length of an
address line and so the capacitance will be approximately the same. The clock segment for

the precharge and write driver circuits will be as long as the wordline. So, the approximate
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clock power is calculated for each sink using the address line driver and wordline driver as a

clock sink driver circuit.

B Precharge

B Read Decoder
m Read WL Driver
B Sense Amplifier
B Output Inverter
H Clock Tree

1 Write Decoder
= Write WL Driver

Write Driver

= Write Bitcell

Figure 6.10. Pie chart showing the power dissipation in each part of the 32X32 8R4W
SRAM.

The pie chart in Figure 6.10 shows the power consumption of each part of the SRAM as a
percentage of total power consumption, assuming all read and write ports are active. As
shown in the figure, the precharge consumes 38%, write driver consumes 23% and the bitcell

during the “write” consumes 21% of the total power.
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Chapter 7
SRAM Optimization

To fit the design in a given area, power or clock period budget, it may be required to
optimize the design using microarchitectural techniques. This chapter proposes some

microarchitectural optimizations for SRAM for better performance.

7.1 Pipelined SRAM

As the superscalar processor’s issue width increases, the number of ports and the size of the
physical register file (PRF) also increase, resulting in a large access time that may not fit into
the cycle time of the processor. For example, the access time of a 256X32 16R8W PRF is 1.3
ns, which directly impacts the cycle time of the processor. Pipelining can divide up the
propagation delay, but the pipelining of SRAM is a little different than pipelining of
combinational logic. The major propagation delay present in the SRAM is due to the wire
capacitance, gate capacitance and drain capacitance of the access transistor. Wordline and
bitline signals propagate on wires only, while in combinational logic signals propagate
through transistors and in between any transistors the signal will be either HIGH or LOW.
So, combinational logic can be easily pipelined. To pipeline the SRAM, the block diagram
shown in Figure 7.1 is followed. As shown in the figure, the data width (i.e., wordline) is
divided into the pipeline depth. The remaining SRAM structure is folded using column
multiplexing until the minimum access time is obtained. For a pipeline depth of 4, the
256X32 SRAM will be divided into four 256X8 SRAM modules. The wordline signals from

the first SRAM module goes into a pipeline register and the output of that register is applied

79



to the second SRAM module and so on. In this scheme, each cycle a quarter of the total data

is obtained, which is latched into pipeline register. The multiplexers in the bypass network

are controlled by comparing source register tags with bypassed tags and latched bypass tags

of each port. Each multiplexer is implemented as a purely parallel multiplexer instead of

using priority logic, because at any time a source register tag will match at most only one of

the bypass tags. Address decoding takes place in only the first module of the SRAM. The

Remaining SRAM modules are SRAMs without address decoders. After pipelining, the read

access time will be 0.8ns. The proposed pipelined structure was implemented in RTL. Due to

pipelining, the IPC also reduces. The above RTL code is integrated FabScalar toolset [1] and

an IPC reduction was for the “parser” benchmark of 0.85 IPC to 0.61 IPC.
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SRAM SRAM
Module 1 Madule 2
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Module 4

Pipeline Latches

=L

Bypass Logic

Figure 7.1. Pipelined SRAM.
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7.2 Constraining Simultaneous Access

In Chapter 4, it was shown that the dominant factor in read access time for a multiported
SRAM is simultaneous access to the same address. From Table 4.2, it is observed that if
ports are constrained in such a way that two different ports will not access the same address
in the SRAM, then the read access time will be much lower than the worst case. For this
scheme, there will be overhead due to comparison logic among all the ports. Such
comparison logic for four ports is shown in the Figure 7.2. If there is a match in two source
operands then the comparator produces zero. Now, if the “valid” bit of any port is zero, then
its address must be diverted. The logic shown in Figure 7.2 is not necessary to implement in
the RR (register read) stage of the pipeline, but it can be implemented after the instructions
are selected in the IS (Issue) stage. To divert the address for a particular port, one dummy
row is allocated in the SRAM. Ports, whose addresses must be changed, are forced to access
that dummy row and the values read by these ports are ignored. Read-after-read bypass
multiplexers are required after the SRAM to steer shared value to the diverted ports. These
multiplexers are also controlled by the comparison logic in Figure 7.2. If this scheme is
implemented for a 128X32 8R4W PRF, then the read access time reduces from 0.795 ns to
0.67 ns. If we apply pipelining to this scheme then the read access time will be 0.478 ns. This
gain increases as the size or number of ports of the SRAM increases. For example, using the
above two schemes, the read access time reduces from 1.3 ns to 0.677 ns for a 256X32

16R8W SRAM.
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Chapter 8

Summary and Future Work

8.1 Summary

The multiported SRAM and CAM compiler was presented which can produce accurate
results of area, access time and energy consumption for the required input configuration and
can generate the layout of the whole memory. The SRAM compiler can generate a total of
sixteen different port configurations (from 1R1W to 8R8W and from 2R1W to 16R8W). The
CAM compiler is able to generate eight different port configurations (1IRIW to S8R8W).
Therefore, the tool can be used to explore the design space for arbitrary out-of-order
superscalar processors. The detailed stability analysis of the bitcells shows that it produces
robust memory structures. To optimize the performance of SRAM, pipelining and

constrained access schemes are proposed.

8.2 Future Work

The SRAM and CAM compiler is tightly coupled with a particular 45 nm process
technology. Using block assembly techniques with uniform physical data syntax, it might be
possible to automatically adapt to different technology nodes. The current implementation is
used for small to medium sized memory structures used in out-of-order superscalar
processors and so it assumes one flat memory structure without any banking. Banking
models can be implemented to generate cache memories or other larger memories. As said in

Section 5.5, the optimal precharge voltage and body bias voltage will be evaluated to analyze
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their impact on read access time and energy consumption to generate optimal SRAM

solution.
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