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Abstract

System on Chip (SoC) designs contain a variety of Intellectual Property (IP) cores,
including digital signal processing blocks, media and graphics processing units,
as well as processing core units that employ multiple-port memories to enhance
performance and bandwidth. These memories allow parallel read/write opera-
tions from the same memory blocks from different ports. Due to the enormous
number of on-chip memories in modern SoCs, area efficiency is critical. Going
down the technology node of transistors to create these memories is one solution
to reduce the area and increase the computational density. However, as transis-
tors were continuously scaled-down, lesser gate control and higher leakage current
became a major concern. This led the semiconductor industry to reinvent the
underlying transistor architecture and manufacturing processes. Today, Fin Field
Effect Transistor (FinFET) are the world’s pioneering transistors commercially
available in the market. These are multigate transistors designed primarily for
high-speed/high-density applications, that could effectively increase gate control.

In addition to area and power constraints, improving access time has always
been a challenge in memories. Sense amplifiers are read circuit elements that are
employed to interpret data bit stored in memory by amplifying a low-power bit line
signal to recognizable logic levels, thereby improving the read access time. The
goal of this thesis project is to use state-of-the-art finFET technology to design
a low-power, configurable and compiler-friendly single-ended sense amplifier that
can be easily scaled up or down based on the size of the memory block. This design
dynamically produces reference voltage based on charge redistribution from high
bit-line capacitance to low capacitance nodes. Apart from the single-ended sense
amplifier, other memory sub-blocks like D Flip-flop, multiplexer and differential
sense amplifier was also designed.

The designed circuits also had to be verified before and after the layout phase,
to understand the effects of parasitics in the design. The design verification flow
was automized using a python script that performs statistical analysis on transis-
tor parameter variations and accumulates the results of the simulation tests and
evaluates the failure probability. The thesis project was carried out in Xenergic
AB.
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Popular Science Summary

Recent trends witness the size of semiconductor chips decrease to a few nanometers.
Downscaling the process node allows for an increasing curve of computation density
and also reducing the area. Owing to their structure, finFETs generate lower
leakage power and provide for a more compact design. They also operate at a lower
voltage and offer a high drive current. This means that much more performance
can be packed into a smaller area and in turn reducing costs per unit performance.

Present-day SoCs feature multiple embedded processors, memory subsystems,
and application-specific peripherals. Rather than relying on off-chip memory com-
munication with limited inputs and outputs (I/Os) to exchange data, large mem-
ories are integrated into the chips themselves to prevent high look-up latencies.
System power and performance of embedded SoCs are heavily influenced by their
memory architecture. Back-to-back data processing requests in multi-core process-
ing and multimedia applications demanded multi-port memories. Integration of
additional bit lines and word lines lead to a massive area expense. Reducing area
and power overhead consumed by memory is a primary concern in SoC design.

With the ongoing research in this field, several methods are used to reduce
power consumption in memories. One of the primary methods opted is to reduce
the supply voltage. Alternatively, special read circuitry called sense amplifiers
were proposed which reduces signal swing on bit lines thereby eliminating power
dissipation due to charging and discharging. Sense amplifiers not only minimized
power consumption to a greater extent but also enhanced the read performance
by minimizing sensing delay. This is done mainly by detecting and accelerating
small bit line transitions. The sense amplifier’s design strongly influences memory
reliability (endurance, retention) and performance (access time).

The goal of this research project to design peripheral blocks for two port
memories with a focus on configurable, compiler-friendly, scalable single-ended
sense amplifier using the latest finFET technology. The proposed single-ended
sense amplifier design tactfully uses the parasitic bit line capacitances to act as
a source for generation of reference voltage during read operation. Additionally,
the configurable property of the design reduces the area cost which could have,
otherwise, incurred in establishing dummy bit line columns. The thesis project
mainly aims at achieving high-performance speed, high sensitivity, lower area, and
lesser power consumption at a system level.
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Chapter 1
Introduction

With the advancement in process technology, finFET devices dominate over planar
MOSFETs. Below the 22nm process node, the traditional 2-D MOSFET transis-
tors are replaced with 3-D finFETs. Additionally, the low power specifications and
reduction in short channel effects in finFETs help improve the power and energy
efficiency of the entire chip [1].

Since the massive proliferation of handheld battery-operated devices, designing
low-power Integrated Circuit (IC)s has become of greater significance. On average
up to 70% of contemporary SoC systems are composed of embedded memories pri-
marily, Static Random Access Memory (SRAM) [5]. SRAM memories offer high-
speed, high-power efficiency, and robustness. However, these memories consume
more silicon area and have less storage capacity [5]. SRAMs use latching circuitry
to store a single bit of data. A bit cell is the fundamental unit of computer mem-
ory that stores 1 bit of binary information, typically composed of SRAM. These
bit cells are laid out in an array on a chip. Word lines and bit lines run across
this matrix of cells connecting to each bit cell. The data stored in the bit cells
are read/written from two complementary, precharged bit lines running vertically
across the chip. To enhance the accessibility and speed of operation, an additional
pair of bit lines and word lines are employed, such memories are referred to as
multi-port memories. One such multi-port memory is a two-port memory that has
two separate read ports and one write port for multiple read access to the memory
cell.

In memories, sense amplifiers are essential analog circuitry attached to the end
of these bit lines, supplemental to the bit cell, that assists in the reading operation.
Sense amplifier topologies are strongly influenced by the type of memory, voltage
levels, and overall memory architecture. SRAM bit cells produce a true differential
output hence, in general, integrated sense amplifiers are based on differential am-
plifiers, that is, it senses differential voltages on both the bit lines to output a full
logic signal. The functionality of a sense amplifier is to sense any discharge on the
bit lines once the read operation is initiated. The sense amplifier is enabled when
a sufficient differential voltage has been established. The amplifier then evaluates
the data being read as a result, making the read operation of the memory faster. A
sense amplifier performs better if it can detect a smaller differential offset voltage.

A two-port memory cell uses three bit-lines as illustrated in Figure 1.1. Two of

1



2 Introduction

these bit lines are connected to the differential sense amplifier while the third bit
line needs a single-ended sense amplifier. If the current in the third bit line drops
below a certain threshold value, then it is sensed by the sense amplifier considered
as logic ‘0’ otherwise it is a logic ‘1’. The threshold voltage value can be tuned
by sizing the transistors. Single-ended sense amplifiers display very good behavior
at low supply voltages and their implementation is straightforward [6]. Figure
1.1 includes the array of memory cells, pre-charge circuitry, control and timing
circuitry, bit lines, word lines, D flip-flop, address decoder, and sense amplifiers.
The address decoder is used to select a specific bit cell from the array. D flip-flops
latches the data input to be written into the memory.

Figure 1.1: Two-Port SRAM Memory Architecture

1.1 Project Specification

The main goal of the thesis project was to design a configurable, scalable single-
ended sense amplifier with additional auxiliary blocks for low-power two-port
memories in advanced FinFET technologies. The proposed design architecture
for single-ended sense amplifier had to work with a bitline offset voltage of 70mV
while differential sense amplifier with 50mV when integrated with bit cell array
and other peripheral blocks.

Specifically, for the single-ended sense amplifier the design had to be scalable
and configurable. Additionally, the design of the layout for all the blocks had to
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be compiler-friendly, such that the design is Design Rule Check (DRC) clean when
automatically placed by the compiler. The sense amplifiers and the D Flip-flop
were also designed to meet the pitch of two bit cells

1.2 Thesis Organization

The report is organized as follows:

• Chapter 2: Background with reference to finFET technology, Two-port
memory cell, charge sharing concept and statistical analysis

• Chapter 3: Elaboration on strongARM topology used in the design of
sense amplifiers

• Chapter 4: Circuit design of the memory peripheral blocks

• Chapter 5: Layout techniques opted for the physical design

• Chapter 6: Verification flow employed to verify the design, with a focus
on automization of the entire flow

• Chapter 7: Results in terms of reliability, failure rate and performance. A
comparison study is also done in the end

• Chapter 8: Conclusion of the project

• Chapter 9: Future work based on the current architecture

A detailed description of all the major concepts used in this thesis project is
presented in the next section
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Chapter 2
Background

2.1 FinFETs

With continuous downscaling, Complementary Metal Oxide Semiconductors (CMOS)
technology has advanced towards higher density, better performance and lower
power consumption, however this results in detrimental short-channel effects. As
2-D planar transistors have scaled smaller, electrons have a higher probability of
passing between the source and drain regions due to quantum tunneling. This
leads to higher leakage current when a source-drain voltage is applied, even if the
gate is turned off. Even with a perfect gate dielectric of thickness zero, controlling
the leakage current is not possible because it is far away from the gate interface. In
finFET technology, the gate is enclosed by a wrap-around gate electrode surround-
ing the channel on three sides, therefore finFETs are also referred to as ‘trigate’.
As a result of the wrap-around structure of finFETs, designers have better con-
trol over leakage currents. By wrapping the gate electrode around the channel, the
electric field in the channel can be made more uniform, thereby improving the elec-
trostatic control. In addition, there is no doping variation throughout the body,
which reduces threshold voltage variations due to substrate bias (body effect).

FinFETs have the following advantages:

• Suppressed short channel effects due to better channel control

• Lower static leakage current

• Faster switching speed

• Lesser power consumption

However, the 3-D finFET structure increases the parasitics, especially the ca-
pacitances. The fabrication costs of finFETs are also high.

2.2 Two-Port SRAM

An 8-transistor two-port SRAM bitcell is presented in Figure 2.1. An additional
Read Word Line (RWL) and Read Bit Line (RBL) allows for two simultaneously
read operations as opposed to single port memories that allow only one read/write
operation in one clock cycle. A single port SRAM uses complementary bit lines and

5



6 Background

an inverter couple pair activated by a write word line while a two-port bit cell uses
an additional Read Word Line (RWL) and Read Bit Line (RBL) auxiliary to the
6-transistor (single-port) SRAM bit cell. It is possible to read simultaneously from
both word lines due to the decoupling of the read port that is, it prevents charge
sharing with internal storage nodes when read word line is activated. Generally,
the transistors M7 and M8 in read port are stronger than the other transistors.
Also, the read transistor M7 is connected to the bit storage node through its gate
terminal thus the read operation is faster through this read port.

Figure 2.1: Two-Port Memory Cell

2.3 Sense Amplifier

A sense amplifier is an important component that assists in reading the data from a
bitcell. As mentioned in Chapter 1, the SRAM bit cells produce a true differential
output due to the complementary write bit lines. This differential offset voltage is
given as an input to the sense amplifier. The sense amplifier is designed to sense
this voltage. Depending on the data read from the bit cell, current either flows
in or out of the bit storage node through the access transistors (refer Figure ??).
The difference in current, that flows through the bit lines, appears as a differential
input voltage across the input transistors due to the RC effect present in the
bitlines. The sense amplifier used in this thesis project uses a differential voltage
sense amplifier. The Figure 2.2 shows the basic schematic of the sense amplifier
design used.

In addition to the two sensing schemes, there are two sensing models, dual-
ended sensing and single-ended sensing based on the memory topology. In dual-
ended sensing, complementary bit lines are available for reading the value stored
in a bit cell hence, it is majorly employed in single port SRAMs. As opposed to
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this sensing model, in single-ended sensing, since data is available on one bit line,
to read the correct logic level, a reference voltage needs to be generated. This
type of sensing is used majorly in two-port memories and in Embedded Dynamic
Random Access Memories (eDRAM).

In this thesis project a dynamic charge sharing circuitry is used in order to
generate a reference voltage. This circuitry is based on capacitive charge sharing
which is explained in detail in the next section.

Figure 2.2: Basic structure of differential voltage sense amplifier
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2.4 Capacitive Charge Sharing Concept

The Figure 2.3 elaborates the charge sharing concept. The bit-line, initially
precharged to VDD, is modelled by the capacitor C_Bitline. Capacitor C_Share,
which is predischarged to ground when switch SW2 is closed, is the capacitor with
which the capacitor C_Bitline shares its charge. Once the switch SW1 is closed
charge starts flowing from C_Bitline to C_Share, this establishes the reference
voltage across the C_Share capacitor which can be estimated as,

V REF =
CBitline × V DD

CBitline + CShare

Figure 2.3: Capacitive Charge Sharing Concept

Once the design is made, it needs to be verified for its yield and functionality.
Statistical analysis is employed for this evaluation. This is further elaborated in
the next section.

2.5 Statistical analysis

Due to the potential growth in manufacturing variations in integrated circuits
since the recent past, proper manufacturing yield can no longer be guaranteed in
these silicon components and must be explicitly optimized during the design pro-
cess.[7] All designs are subject to these variations which can affect their functional
behavior.

Transistors form basic building blocks in memory cell arrays. With continuous
technological advancements and ever-increasing components in integrated circuits,
these variations in transistor parameters must be considered during the design
process. There are two types of variations to be considered:

• Process variation which are observed between different chips on single wafer
or between the wafers
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• Mismatch variation which refers to random deviations between identical
devices present on the same chip

Parameters of transistors are primarily affected by statistical variations. These
variations follow a Gaussian distribution and it is important to analyze their effect
in yield.

An algorithm based on repeated random sampling of transistor parameter dis-
tribution, referred to as a Monte Carlo (MC) method is typically employed for
statistical analysis of these variations. Based on given configurations, a random
sample is taken for each parameter and an evaluation is performed for each sim-
ulation. The simulation results are collected and analyzed to define the failure
probability based on the number of failures relative to the number of simulations.
As seen in Figure 2.4, the probability distribution curve is Gaussian which means
the probability to find a failure is higher around the mean than at the edges of
the curve, hence sampling is done around the mean of the distribution.

Figure 2.4: Transistor Parameter Gaussian Distribution

These variations in transistor parameters are denoted by process corners.
These process corners are represented by carrier mobility of N-type Metal Ox-
ide Semiconductors (NMOS) and P-type Metal Oxide Semiconductors (PMOS)
transistors. Typical(T),Fast(F) and Slow(S) are usually used to refer to normal,
high and low carrier mobility, respectively [8]. This is a function of Threshold
Voltage (VTH) as well. Lower the VTH, faster is the transistor. The combination
of these cases define the process corners as illustrated in the Figure 2.5. The first
letter refers to NMOS and the second to PMOS transistors.
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Figure 2.5: Process Corner Distribution



Chapter 3
Sense Amplifier Architecture

Both dual-ended and single-ended sense amplifier employ strong-arm current-mode
topology. However, in case of single-ended sense amplifier capacitive charge sharing
scheme is employed to generate the reference voltage.

This architecture was chosen primarily for the following reasons:

• Zero static power consumption

• Produces rail-to-rail outputs

• Less sensitive with respect to process, voltage and temperature (PVT) vari-
ations

3.1 StrongARM Topology [13]

Known as "StrongArm," this circuit was used in the StrongArm microprocessor
of Digital Equipment Corporation, but the basic structure was first developed by
Toshiba’s Kobayashi[15]. The Figure 3.1 shows the strong-arm latch topology used
in the design of the dual ended sense amplifier. The latch in the Figure consists
of a differential pair M1 and M2, two cross-coupled inverters M3-M6, one NMOS
transistor M7 activated at SAE (sense amplifier enable) signal that activates the
sense amplifier, four PMOS transistors (M8-M11) that act as switches to precharge
the connected nodes to VDD based on a precharge signal and two PMOS transistors
(M12-M13) to equalize the voltages between the two branches of the latch before
the activation of the sense amplifier.

StrongARM architecture exhibits a symmetric behavior where the transistor
properties, like size, transconductance etc., on either side of the branches are iden-
tical. Hence, when a differential voltage is applied to the amplifier in a balanced
manner, the performance can be determined by considering only half the circuit.

Initially, when the precharge (PCH) signal is low, transistors M7-M12 are
switched on, the nodes D1, D2, D3 and D4 are precharged to VDD. Transistors(M1-
M6) are in the off state in this phase.

11



12 Sense Amplifier Architecture

Figure 3.1: StrongARM latch topology [13]

In the next phase, the SAE signal, initially low, is pulled high along with
the PCH signal. When a differential voltage is applied across the transistors M1
and M2, a differential current is drawn proportional to the voltage. With M3-
M6 turned off, this current increases the node voltage | VD1 - VD2 |. Since the
transistors M1 and M2 are matched, the current through transistor M7 is constant,
this difference in voltage at the nodes D1 and D2 can be determined as:

| VD1 - VD2 | ∼ ((gm1,2 | Vin1 - Vin2|) / C1,2)t
where,

gm1,2 is the transconductance of M1 and M2

C1,2 is the capacitance of M1 and M2

Figure 3.2a enunciates the transistors active during the amplification phase.
The current flow from the capacitors C1 and C2 is depicted in Figure 3.2b.
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(a) Transistors active in the Amplification phase [13]

(b) Current flow during the Amplification phase [13]

Figure 3.2: Phase 2 - Amplification Phase

Next, as voltages at D1 and D2 fall to VDD-VTHN the cross coupled NMOS
transistors turn on, thus current starts flowing from node D3 and D4 (refer to
the Figure 3.3b below) for (C1,2 / ICM) VTHN seconds, where ICM represents
the common mode current drawn by each capacitance. The node capacitances,
transistors active during this phase is as shown in Figure 3.3a

The output voltages at node D1 and D2 fall until they reach VDD-VTHP, at
which point the PMOS transistors M5 and M6 are turned on. The equivalent
circuit during this phase is as shown in Figure 3.4a. These transistors under the
influence of a positive feedback, pulls up the voltage at one output branch to VDD,
simultaneously allowing the other branch to fall to zero based on the bit read from
the memory. Thus, enabling a full voltage swing at the branches of the inverter
couple as seen in Figure 3.4b. The current in each branch that causes this full
voltage swing is explained in the Appendix A.



14 Sense Amplifier Architecture

(a) Activation of cross-coupled NMOS pair [13]

(b) Current flow when cross-coupled NMOS pair is activated [13]

Figure 3.3: Phase 3 - Cross-coupled NMOS pair activation Phase

One of the most important design metric in differential amplifiers is its overall
gain. This gain is calculated by analyzing the half-circuit of the sense amplifier.
The calculations and theory is explained in the Appendix A
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(a) Activation of cross-coupled PMOS pair [13]

(b) Output Voltage Swing [13]

Figure 3.4: Phase 4 - Cross-coupled PMOS pair activation Phase
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Chapter 4
Circuit Design

As illustrated in Figure 1.1, a memory unit comprises of several peripheral blocks
like D Flip-flop, differential-ended sense amplifier, single-ended sense amplifier,
multiplexers etc. The thesis project was focussed in designing these memory pe-
ripheral blocks.

4.1 Differential-ended Sense Amplifier

The differential-ended sense amplifier follows the same StrongARM architecture
described in the section 3.1. The differential transistors M1 and M2 needs to be
highly sensitive and strong since it is attached to the bit lines which is highly
capacitive. Hence, these transistors were made bigger compared to the other
transistors. The transistor M7 connected to the sense amplifier enable signal is
also one of the most critical transistors since the whole operation starts at the
arrival of this signal. Transistors M3 and M4 prevents static current to flow from
VDD to ground by cutting off the dc path between the two power supplies, thereby
reducing static power dissipation. Apart from these transistors, M5 and M6 play
an important role in restoring output high level to VDD, without them the voltage
level at D3 or D4 will reach a degraded VDD (depending on the polarity of the
differential voltage at the transistors M1 and M2) hence, it would not be possible
achieve a full output voltage swing. Thus, the transistors M3-M6 is also made
stronger. The sizing also depends on the number of transistors on the same dc
path, hence to reduce the resistance in this path the transistors are widened. Since,
the precharge transistors mainly play an important role in establishing VDD at the
nodes and equalising this voltage at both sides of the branch of the latch. This also
prevents the transistors M1 and M2 from entering triode region. These transistors
basically act as switches hence these transistors were chosen to be minimum sized.
The total power consumption was equal to,

P static = fCLK(2C1,2 + C3,4)V
2
DD

where,
fCLK is the clock frequency.
C1,2 and C3,4 is the capacitance at nodes D1, D2 and D3, D4.

17
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4.2 Single-ended Sense Amplifier

The proposed single-ended sense amplifier uses the differential-ended sense ampli-
fier architecture with a capacitive charge sharing circuit to internally generate a
reference voltage as shown in Figure 4.1. Due to its symmetrical design, it could
read from either side of the bit line column, making the other bit line column a
reference. When the selected bit line contains a ’0’ it remains undischarged and
higher than the reference voltage then output is evaluated as ’0’. Similarly, when
’1’ is being read the bit line discharges below the reference voltage which is assessed
as ’1’.

Figure 4.1: Single-ended Sense Amplifier design architecture

The final proposed circuit design is presented in Figure 4.2. Transistors M15-
M20 make the reference generation circuit. The reference voltage is generated
every clock cycle using a charge sharing mechanism between the unselected bit
line and a charge share capacitance which is initially predischarged to ground
using the transistors M16/M19 enabled by the signal PREDISLFT/PREDISRGT.
Transistors M21-M23 precharge and equalize the bit lines to VDD. If a memory
cell connected to the right bit line has to be read, the LFT_EN signal along with
C_SHARE is enabled which activates the reference generation circuit on the left
through CSH_LFT_B generated from a NAND logic gate. Transistor M17 has
its drain and source connected to each other thus it acts as a capacitor to which
the bit line capacitor shares its charge with. The size of the transistors M17/M20
determines the amount of charge shared thereby setting the reference voltage.
The branches of the inverter couple gives an inverted output hence this output is
inverted to analyse the bit read from the memory cell.
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Figure 4.2: Proposed Single-ended Sense Amplifier Design [12]

Since sense amplifiers are connected to the end of bit line columns, the capac-
itance of read bit-line transistor in the bit cell and the wiring capacitance (based
on the size of memory array) add up to form the bit-line capacitance. In this thesis
project, the existing parasitic bitline capacitance is used to act as the precharged
capacitance to give rise to the reference voltage. To elaborate, no new additional
capacitance was created for the purpose of this project. Thus, the size of the
memory array is critical to determine the reference voltage generated. The bit cell
array will be surrounded by end cells. These end cells are special boundary cells
which gives a DRC clean array. The Figure 4.3 shows the bit cell array surrounded
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by end cells.

Figure 4.3: Bit cell array with end cells

To get more accurate value of bit-line capacitance, parasitic extraction was
performed on the 128x32 bit cell matrix with the end cells. However, the Process
Design Kit (PDK) did not provide the schematic for the bit cells or the end cells so
the schematic was created based on the layout with which Layout Versus Schematic
(LVS) and parasitic extraction was run.

The goal of this thesis project also intended on making this sense amplifier scal-
able and configurable. The following subsections elaborate on how these criteria
were met.

4.2.1 Scalable

Sense amplifiers are often designed to be enabled only when a particular offset
voltage is reached, that is after the bit line voltage drops to a certain level. There-
fore, the sense amplifier design must be altered depending on the threshold voltage
desired. For instance, here the sense amplifier was aimed to give accurate results
at 60mV threshold voltage in all corners and temperature variations. As part of
this thesis, the design of the sense amplifier was aimed to be configurable to any
threshold value, so that the design is automatically modified for the desired volt-
age. Since the reference voltage generated depends on the bit line capacitance
which in turn depends on the size of the bit cell macro, the charge sharing ca-
pacitance must be scaled according to the bit cell macro. As the designed sense
amplifier is dependent on dynamic charge sharing, the MOSCAP can be scaled
easily to maintain the same reference voltage for memory of any capacity.
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4.2.2 Configurable

As mentioned previously in section 4.2, reference voltage generation requires a
fully precharged bit line capacitance. This can be established by placing a dummy
bit line column. This, however, would lead to reference voltage degradation when
the memory size is scaled up with many sense amplifiers placed next to each other.
The single dummy bit line column would fail to deliver the same signal strength
throughout. An alternative would be to place dummy bit line columns at regular
intervals. This will lead to a massive area trade-off. Hence, a novel idea is proposed
in this thesis project to use the existing active bit line columns to act as reference
voltage generators.

The single-ended sense amplifier is attached to the end of the bit line column.
Its design was such that the sense amplifier was repeated every two bit cells during
the final placement of the entire memory block. The two differential input lines
of the sense amplifier is connected to the read bit lines of the bit cell column. As
seen in Figure 1.1 selection of a word line activates the entire row of bit cells. To
act as a reference bit line the bit cell column must always discharge to a particular
voltage value which means that the bit cell must store a value of ’0’. However, in
real life scenario this is not true. Hence, to read from a particular bit line column
the adjacent bit line must be cut off irrespective of the bit it stores, thus assuring
a stable reference voltage.

In a two-port memory cell, the read bit line connected to the reference ground,
called ’RVSS’,is separate from the ground connected to the inverter couple pair
(Figure 2.1). This feature gives us an opportunity to cut off the transistor M7 by
manipulating the ground connection using a switch configuration as presented in
Figure 4.4.

Figure 4.4: Switch logic for configurability
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To elaborate, if we read from the right read bit line then the left bit line
acts as a reference as the control signal ’LFT_EN’ goes high (refer Figure 4.2).
This signal also activates a switch logic, as illustrated in Figure 4.4 as ’REFER-
ENCE_SELECT’, which connects the ground supply ’RVSS’ to VDD (refer Figure
2.1). Since the source of transistor M7 would be pulled up to the supply voltage
the transistor transitions to cut-off region thus the read port gets decoupled from
the 6-T transistor bit cell whose nodes store the bit value. Thus, the already
precharged bit line can discharge to give a stable reference voltage. In parallel,
since ’RGT_EN’ is an inverted output of ’LFT_EN’ the right reference genera-
tion circuit would be deactivated and ’RVSS’ pin of the right bit column would be
connected to ground.

4.3 D Flip-flop

Data Flip-flop or D Flip-Flop is a digital peripheral block that stores value given
on the data line, before it is written into the memory array. The proposed design
follows the standard master slave architecture as shown below in Figure 4.5. The
D Flip-flop circuitry has a multiplexer attached to it which selects the data input
to be written into the memory or the test data input to test the memory. The
master follows the data input (D) while the clock is high, and latches the value of
the input at the output of the master on the trailing edge of the clock pulse. The
master is now disabled and will remain so until the clock goes high again. When
the clock goes low the inverted clock signal at the clock input of the slave enables
it, and the output of the master is transferred to the output of the slave. When
the clock next goes high the slave is disabled and will remain so until the clock
goes low again[11].

Figure 4.5: D Flip-flop Architecture
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Layout

Once the design phase is completed, the transistor design circuit is translated into
physical layout design. The layout phase is an intermediate step between circuit
design and fabrication process. The layout illustrates what a chip-fabricated design
would look like. During design of the layout, matching, symmetry and area should
be considered carefully.

5.1 Sense Amplifiers

Specifically, in sense amplifier design, which is an analog circuit, the layout de-
mands more precautions to minimize effects of device mismatches, noise, etc [22].
The transistors are placed symmetrically such that environment effects are uni-
formly distributed. To maximize device matching certain design techniques are
employed:

• FinFET transistor symmetry brings about interdigitation technique to re-
duce the source-drain junction area and gate resistance by sharing common
source-drain terminals

• Euler path helps in reducing the area by giving a unique pathway to place
the transistors without breaking the diffusion layer

• Common centroid layout improves the matching between the differential
transistors

• The finFET technology used in this thesis project employs a intermediary
connecting layer which is highly capacitive. Care must be taken while draw-
ing this layer as the fins of the transistor can experience different capacitance
if its drawn heedlessly.

• Dummy transistors are inserted in euler path to avoid diffusion break which
otherwise would cost two additional fingers per break

Additionally, the maximum width of the sense amplifier layout was limited to
be two times the pitch of bit cell as shown in Figure 5.1.

23
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Figure 5.1: Proposed Floorplan

5.2 D Flip-flop

The proposed D flip-flop architecture in section 4.3 is a digital logic block with
many transistors hence the area consumption is slightly higher. However, unlike
the sense amplifier the transistors in this logic block will be minimum sized. As
mentioned previously, a single diffusion break consumes two fingers which can be
avoided by using a single euler path. Dummy transistors are inserted or strength of
some critical transistors are increased by increasing the number of fingers. These
two methods enable a single euler path which reduces the area consumption to
some extent.

However, these add on transistors can lead to an increase in parasitics which
increases the setup and hold time. Additionally, the D Flip-flop was designed as
a standard cell.

These peripherals along with the bit cell array would be integrated by a mem-
ory compiler. A memory compiler is a software tool , which allows a designer
to generate memories of various capacities as well as types such as single-port or
two-port SRAM memories [9]. Using a compiler results in a faster, more efficient,
and more customizable design flow. Since the thesis also focuses on making the
design scalable, producing memories of different sizes requires minimum changes.

One of the goals specified in this thesis project is that the design should be
compiler friendly, this is taken care in the layout phase. The layout which is made
DRC clean in the cell level must be DRC clean in chip level once all the other
blocks are tailored together with the memory block.



Chapter 6
Verification

This chapter elaborates on the automated design validation flow employed for
verification process.

6.1 Characterization of D Flip-flop

As mentioned in section 4.2 to avoid diffusion break and reduce the area certain
dummy transistors or additional transistor fingers of critical transistors are inserted
in the euler path. These however, increases the parasitics in the design which
affects the setup timing (amount of time required for the input to a Flip-Flop to
be stable before a clock edge) and hold timing (minimum amount of time required
for the input to a Flip-Flop to be stable after a clock edge) of the flip flop.

Apart from the parasitics introduced by the additional transistors, the layout
design itself adds several parasitics. Hence, it is important to verify the function-
ality of the design post layout. To understand the effects of additional transistor
fingers and layout parasitics the design is simulated pre layout and post layout to
extract setup and hold timing information. Monte carlo simulations were run in
various process corner variations to check for the setup and hold requirement be-
tween the data and clock signals. It was observed that the setup and hold timings
were higher due to additional parasitics.

6.2 Verification of sense amplifier design characterstics

The goal of this project specifies the proposed design to be scalable, configurable
and compiler-friendly. These requirements had to be verified.

Scalable - As mentioned earlier in Section 4.2.1 the design is said to be scalable
when it can be easily morphed to generate the required bit line offset voltage. To
verify this constraint the design was simulated with two different bit cell macro
size of 2Kb with 8-bit word size and and 1Kb with 8-bit word size. The changes
in the design was limited to the size of the MOSCAP, which can be easily done
manually or by the compiler without creating new DRC errors.

Additionally, the width of the sense amplifier was twice the pitch of the bit
cells that is called, size of MUX-2. However, according to the floor plan the design
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is perfectly flexible to fit for any size configuration like MUX-4 or MUX-8.

Compiler-Friendly - Multiple sense amplifier design cells were placed next to
each other with a memory macro of size 1Kb and multiplexers. A DRC check was
run after the system integration. A clean DRC result at this level confirms that
when the design is tailored by the memory compiler along with other blocks and bit
cell macro (regardless of the macro size), the design would be layout compatible.

Configurable - The ground switch logic introduced in the section 4.2.2 gives
the sense amplifier its configurable property. Hence, the design is verified by
simulating the design in different cases of reading 0 and 1. The test bench consisted
of the sense amplifier to be verified, 256 two-port bit cells connected in a column
to either side of the bit lines of the sense amplifier. The multiplexer logic created
for switching between right and left reference generation circuit is also included.
To give more accurate and real world simulation results the parasitics extracted
from the system level layout is added to the design. The block diagram of the
testbench created is shown in the Figure 6.1.

Figure 6.1: Testbench

This simulation was performed in all PVT conditions hence this verification
flow was automated which is discussed in the next section.
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6.3 Automized Characterization flow of sense amplifier

After the design phase is completed, it is necessary to validate the design for its
functionality before entering the layout phase. It is imperative that the design
developed is resilient to PVT variations, i.e., generating the correct output at
every process corner, supply voltage variations and temperature variations.

For more accurate and realistic results of the validity of the circuit design,
performing several hundred thousand runs of simulations in all PVT variations is
required. A manual approach is highly inflexible and laborious even to analyze
the results.

A python script was developed to perform automatic verification of sense am-
plifiers. To verify the proper functionality of the sense amplifier the response time
is recorded ie., the time required for the output voltage on the branch of the in-
verter couple to drop to 20% of VDD (depending on the bit read from the memory
cell) since the time the sense amplifier is enabled. The script takes certain key-

words as command line arguments to perform various functionalities. The syntax
is as shown below:

Syntax – python script.py command input file.

The flow chart presented in Figure 6.2 illustrates this entire verification flow
with the command lines. To create simulation folders – ‘setup’ keyword is used
as the command. While running this command sense amplifier netlist, PVT list
file and an input file that specifies the simulation environment is passed as inputs.
These input files are copied into each newly created folder. To run the simulation
in these folders the code is run with ‘sim’ command and the PVT list file. We can
evaluate the estimated time required to run the simulation in each folder using
the ‘eval’ command. It specifies the time required for netlist simulation for each
evaluated sigma or monte carlo value. ‘collect’ command is used to assemble the
response time values for each PVT case and create a csv file. ‘help’ command is
used to display the help text for the functionalities. It describes the purpose of
the tool, the syntax of commands to perform the specified tasks and the things to
be taken care of while running the simulation. Lastly, the ‘clear’ command can be
used to delete all the inessential files and folders.

Physical implementation of the design leads to parasitics (resistance, capac-
itance and inductance) at various nodes, thus once the layout of the design is
completed parasitic extraction is performed to give a more precise analog model.
In this thesis project an RC coupled simulation was performed so that detailed
simulations can emulate real life analog circuit responses. The output of this ex-
traction is a netlist with transistor definitions and lumped parasitics information
in dspf format. This dspf file is the input to the python script to perform post
layout simulation carried in this project. To capture more accurate results, the
design was simulated in the industry standard conditions, that is, at a supply
voltage variation of ±10% from the Nominal Voltage (NV), at a nominal tempera-
ture of 25°c, a minimum temperature of -40°c and maximum temperature of 125°c.
Thus, we can make sure the design works in a wide range of temperature. Slow



28 Verification

Slow (SS), Fast Slow (FS), Slow Fast (SF), Fast Fast (FF), and Typical Typical
(TT) were the five main process corners chosen for the simulation. The design was
simulated in all cross conditions to check for its functionality.

A testbench file was developed to test the functionality of the sense amplifier
design. The file is basically the spectre model of the testbench schematic illustrated
in Figure 6.1. The file also specifies the simulator tool to be used (in this project
spectre tool was used) and simulator configuration options.

Specifically, in differential sense amplifiers the offset voltage is set based on
the bit read from the memory cell. That is, one of the complementary bit lines
discharges depending on whether a ’0’ or ’1’ is read from the bit cell. Since, the
analysis remains the same for both conditions due to symmetry, the design is
treated as a black box and one of the bitline is discharged to maintain a stable
50mV offset voltage with respect to its complementary bit line.

Figure 6.2: Sense Amplifier Verification Flow
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6.4 Timing Scheme

The proposed design was simulated in a system level with a bit cell array of size
1Kb (8-bit word size) and 2Kb(8-bit word size) with RC-coupled parasitics to
check for the frequency with which the design can work. The timing diagram
below in Figure 6.3 shows the timing scheme opted during the simulation. As seen
in figure 6.3 a buffer time of a few picoseconds was given before starting the read
operation for decoder operation. Once the decoder operation is completed, the
bit line precharge is deactivated and the virtual ground and charge share circuit
(CSC) is activated. Once a stable ground and reference voltage is generated ’RWL’
is activated to establish the required offset between the read bit line and reference
bit line. Once the required offset value is reached the sense amplifier is fired.
This timing scheme shown in Figure 6.3 was considered for a bit cell array of size
1Kb and for the slowest bit cell in the worst corner and temperature. A similar
approach was followed for cell size of 2Kb. This total timing scheme thus gave
the maximum frequency with which the entire system can work for both bit cell
capacity.

Figure 6.3: Timing Scheme for system level simulation



30 Verification



Chapter 7
Results

This chapter is a summary of the results obtained from the implementation of the
peripheral block designs.

7.1 D Flip-flop

As elaborated in section 5.1, the effects of parasitics introduced by the dummy
transistors and the layout on the setup and hold timing has to be analysed. The
setup and hold of the data signal ’D’ is checked relative to the rising edge of the
clock signal ’CLK’. Two different slew rates (change in signal voltage with respect
to time) were chosen arbitrarily. For better analysis the slew rates of data and
clock signals were varied from a few picoseconds to nanoseconds. The setup and
rise time were checked with both rising and falling edge of the data signal.

This analysis with parasitics gives a more realistic understanding of the D
flip-flop behaviour. Figures 7.1 and 7.2 show the effect of layout parasitics on the
setup time when the data signal is on a rise and fall trend respectively. Similarly,
Figures 7.3 and 7.4 show the effect of layout parasitics on the hold time

Figure 7.1: Setup Rise time variation with layout parasitics
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Figure 7.2: Setup Fall time variation with layout parasitics

Figure 7.3: Hold Rise time variation with layout parasitics

Figure 7.4: Hold Fall time variation with layout parasitics
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7.2 Sensitivity and Reliability check

The two sense amplifiers work based on a certain differential offset voltage between
the bitlines. The reliability of the sense amplifier is determined by this voltage.
The design is said to be reliable as long as it gives the right output regardless of
the variance in the offset voltage. The lower offset voltage, the sense amplifier can
detect, higher is its sensitivity. This offset voltage can vary due to the transistor
parameter variations, specifically in single-ended sense amplifier due to its dynamic
reference voltage generation property. Hence, it is necessary to check the minimum
offset voltage until which the sense amplifier can work reliably in the presence of
PVT variations.

This thesis project aims at a minimum offset voltage of about 70mV for the
single-ended sense amplifier and 50mV for the differential-ended sense amplifier.
This was made sure by running several monte carlo simulations on the design with
parasitics and randomly selecting a particular condition set to check if the design
fails. The failure of the design is determined by the response time. Here, response
time refers to the amount of time taken by the output node to rise/fall 20% of
supply voltage from the moment SAE signal rises to 50% of supply voltage enabling
the sense amplifier. By ensuring symmetry and varying transistor sizes the design
reliability is ensured at the desired minimum offset voltage. Although, to achieve
higher reliability the area of the design is compromised due to transistor sizing.
The response time variation in different process corners for the two sense amplifiers
design is presented in Figure 7.5 (single-ended sense amplifier) and Figure 7.6
(differential-ended sense amplifier).

Figure 7.5: Response time variation in different process corners in
single-ended sense amplifier

Specifically, in differential sense amplifiers as mentioned in section 6.3, the
design was treated as a black box with one of the complementary bit lines delib-
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erately discharged to maintain the specified offset voltage. Analysis of one such
condition was sufficient to verify the functionality. In this test particularly read
’0’ operation was verified.

Figure 7.6: Response time variation in different process corners in
differential-ended sense amplifier

The subsections below elaborates on the response time evaluation on the using
monte carlo analysis and the evaluation setup specific to each sense amplifier.

7.2.1 Single-ended Sense Amplifier

First, the results analysed from reading ’1’ and a ’0’ are depicted in Figure 7.7. In
the Figure 7.7a, it can be seen that the read bit line starts to discharge as reading
a ’1’ turns on the M7 (refer Figure 2.1). The sense amplifier enable signal is then
activated exactly at the time when the read bit line is at 60mV offset with respect
to the reference bit line. While reading a ’0’ the bit line does not discharge but
similar to read ’1’ operation the reference voltage is set to be stable at 60mV offset
with respect to the read bit line.

This simulation shown above were run in the ’FS’ corner at +10% of the nom-
inal voltage and 125°c. However, as mentioned in Chapter 5 for more accurate and
realistic results of the validity of the circuit design, performing several hundred
thousand runs of simulations in all PVT variations is required. Here, a total of
100000 monte carlo simulations were run. The supply voltage was varied ±10% of
the nominal voltage in the three temperature gradients. The results are summa-
rized in the Table 6.5 and Table 6.6. The actual results obtained were tabulated
and stored in a csv file format using the python script. The format is elaborated
in the Appendix A Section 10.1.
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(a) Read-1 operation (b) Read-0 operation

Figure 7.7: Timing diagram for read operation

Table 7.1: Monte Carlo Output for read 0 operation

Operation Bitline Offset Monte Carlo Pass
Read 0 60mV 100000 100 %

Table 7.2: Monte Carlo Output for read 1 operation

Operation Bitline Offset Monte Carlo Pass
Read 1 60mV 100000 100 %

7.2.2 Differential-ended sense amplifier

A similar analysis was used to test the functionality differential-ended sense am-
plifier. Identical conditions were chosen, that is a total of 100000 monte carlo
simulations were run. The supply voltage was varied ±10% of the nominal voltage
in the three temperature gradients. However, unlike single-ended sense amplifier
in differential-ended scheme we have a stable offset voltage between the two bit
lines. Depending on bit read from the memory cell one of the two bit lines is pulled
down. Thus, the analysis of read 0 and read 1 operation would be the same. Here,
one of the bit line was set at supply voltage while the other was offset by 50mV
from the supply voltage. The results obtained were tabulated which is shown in
the Table 6.7.

Table 7.3: Monte Carlo Output

Operation Bitline Offset Monte Carlo Pass
Read 0 50mV 100000 100 %



36 Results

7.3 Failure rate

As tabulated in Tables 7.1 and 7.3 the minimum offset voltage achieved turned
out to be 60mV for single-ended sense amplifier and 50mV for differential-ended
sense amplifier. However, different PVT conditions can reveal slightly varying
differential offset voltage. Iterative monte carlo simulations revealed the worst
PVT condition at which the design is sure to fail due to the change in offset
voltage. Failure rate of the design was analysed in all process corners and the case
temperature and supply voltage (as observed from the iterative simulation). The
results were plotted as shown below in Figure 7.8 and Figure 7.9. The designs were
run in all various conditions to reveal the worst case conditon. In this case, 0.9
times NV at a high temperature of 125°c. As seen in the figures, the differential
sense amplifier design recorded a highest of two failures for a 100000 MC runs
in FF, SS and SF process corners for an offset voltage less than 50mV. Similarly,
in FF corner the single-ended sense amplifier design failed 3 out of 100000 times,
which recorded as the worst failing corner when the differential offset was less than
60mV. The design was modified, by resizing the critical transistors, controlling the
effects of parasitics and strengthening the supply connections to achieve 100% pass
rate for the specified offset voltage.

Figure 7.8: Failure rate of the differential-ended sense amplifier
design
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Figure 7.9: Failure rate of the single-ended sense amplifier design

7.4 Power Delay Product

Layout parasitics has an impact on the propagation delay of the output signal. The
performance of the design during the two read operations can be determined by the
Power Delay Product (PDP). PDP as a qualitative measure estimates the energy
consumption during the read operation. PDP links propagation delay and power
consumption. Faster switching of signals leads to higher energy consumption. This
metric is estimated by multiplying power consumed with resolution time.

The total power consumption by the design was obtained by averaging the
dynamic power over the simulation time period and adding it with leakage power
consumed. However, this leakage current occurring due to finite slope of input
signal during switching is minute compared to the dynamic power. Figure 7.10
shows the average total power consumed during read-0 and read-1 operation in
different process corners. It can be deduced that FF corner presented to be the
worst corner and SS was the best corner with lesser power consumption. Addi-
tionally, it can be noted that read-1 operation sees more power dissipation this
is mainly due to the fact that the read bit line starts discharging while reading a
’1’ and in order to establish the required offset voltage the bit line is allowed to
discharge before the sense amplifier is enabled.

A similar analysis was conducted with differential-ended sense amplifier which
is illustrated in Figure 7.11. As witnessed in the bar graph the design experienced
more power consumption in FF corner while in SS corner had minimum power
consumption.

Using the results obtained in Figure 7.5, 7.6, 7.10 and 7.11. The power delay
product is calculated for both the designs. The variation in this metric in various
process corners specifically for read-0 and read-1 operation in single-ended sense
amplifier is summarized in the Figure 7.12 and 7.13.
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Figure 7.10: Total power consumption during read operation in
single-ended sense amplifier

Figure 7.11: Average power consumption during read operation in
differential-ended sense amplifier

Figure 7.12: PDP in different process corners in single-ended sense
amplifier for read 0 and read 1 operation
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Figure 7.13: PDP in different process corners in differential-ended
sense amplifier

7.5 Design Comparison

Finally, a comparison with other technology designs was made. The Table 7.4
below elaborates on the performance comparison of the designed single-ended
sense amplifier with 16nm and 14nm technology nodes. As seen, the proposed
design worked at a maximum frequency of 3.63GHz for 128-bits per bit line and
at 2.94GHz for 256-bits per bit line. However, this frequency was achieved using
the simulation environment and the compared results were measured on silicon.
The obtained results might vary on silicon.

Table 7.4: Design Comparison

Source ISSCC 2015[17] JSSC 2017[12] -
Technology 16nm 14nm This work

Sensing Scheme Large Signal Small Signal Small Signal
# Bits/BL 16 256 128/256

Performance 1.67GHz 2.21GHz ∼3.63/2.94GHz
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Chapter 8
Conclusion

In this thesis project work, the main focus was to design a single-ended sense ampli-
fier with dynamic reference voltage generation using the latest finFET technology.
With its configurable and scalable properties, the proposed design architecture
proved a suitable candidate for two-port memories, despite the increased para-
sitics and complex layout design requirements associated with the new finFET
process node.

One of the goals of the thesis project was to achieve a sensistivity of 70mV for
the single-ended sense amplifier and of 50mV for the differential sense amplifier.
As stated earlier in Chapter 7, the designed single-ended sense amplifier could
generate a stable offset voltage of 60mV and reliably read from the memory block
in all process corner, temperature and supply voltage variation. Similarly, the
differential sense amplifier was designed to be sensitive to 50mV bit line offset
voltage. The functionality was verified using monte carlo simulations.

The design was also verified to check if it satisfied the requirement of being
scalable, configurable and compiler friendly. Multiple sense amplifier design cells
were tailored with a memory macro of size 1Kb and multiplexers. A DRC check
verified its compiler-friendly trait. The design also proved to be configurable,
where data can be read from both left or right port of the sense amplifier by
manipulating one of the bit line to be the reference bit line. For the scalability
check, the design was simulated with memory macro of 2 different sizes that is,
2Kb with 8-bit word size and and 1Kb with 8-bit word size.

A very high performance of about 3.63GHz/2.94GHz for 128/256 bits per
bitline respectively was achieved.

The D Flip-flop designed as a part of the thesis project was tested for its setup
and hold time variation. The design fulfilled the required setup and hold timing
requirement and the effects of parasitics seemed to be negligible

Other performance metrics like PDP, resolution time etc., were also discussed
in this project report.
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Chapter 9
Future Work

It is imperative to explore the viability of the implementation in the worst process
corner in the light of varying supply voltage. Monte Carlo method is not an efficient
method for designs with high replication and less error rate. For this reason,
importance sampling needs to be employed to speed up heavy simulation runs.
It is also important to investigate other single-ended sense amplifier architectures
that is less sensitive to node capacitance considering the highly capacitive finFETs.

Apart from the memory peripheral circuits designed in the thesis project other
peripheral components like decoder, pre-charge, timing circuitry etc., need to be
designed for complete memory generation.
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Chapter 10
Appendix A

10.1 Characterization of Sense Amplifier

The given Table 10.1 below tabulates the results of running 100000 monte carlo
simulations on both differential and single ended sense amplifier design. The
python script developed for characterization of the design outputs a csv file with
the following format.

Table 10.1: Characterization of Sense Amplifier

Corners VDD(V) Temp(°c) Bitline
Voltage (V) Offset(mV) MC Fail

FF 1.1*NV 125 1.1*NV Specified
offset 100000 0

FS 1.1*NV 125 1.1*NV Specified
offset 100000 0

TT 1.1*NV 125 1.1*NV Specified
offset 100000 0

SF 1.1*NV 125 1.1*NV Specified
offset 100000 0

SS 1.1*NV 125 1.1*NV Specified
offset 100000 0

FF 1.1*NV 25 1.1*NV Specified
offset 100000 0

FS 1.1*NV 25 1.1*NV Specified
offset 100000 0

TT 1.1*NV 25 1.1*NV Specified
offset 100000 0

SF 1.1*NV 25 1.1*NV Specified
offset 100000 0
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Corners VDD(V) Temp(°c) Bitline
Voltage (V) Offset(mV) MC Fail

SS 1.1*NV 25 1.1*NV Specified
offset 100000 0

FF 1.1*NV -40 1.1*NV Specified
offset 100000 0

FS 1.1*NV -40 1.1*NV Specified
offset 100000 0

TT 1.1*NV -40 1.1*NV Specified
offset 100000 0

SF 1.1*NV -40 1.1*NV Specified
offset 100000 0

SS 1.1*NV -40 1.1*NV Specified
offset 100000 0

FF 0.9*NV 125 0.9*NV Specified
offset 100000 0

FS 0.9*NV 125 0.9*NV Specified
offset 100000 0

TT 0.9*NV 125 0.9*NV Specified
offset 100000 0

SF 0.9*NV 125 0.9*NV Specified
offset 100000 0

SS 0.9*NV 125 0.9*NV Specified
offset 100000 0

FF 0.9*NV 25 0.9*NV Specified
offset 100000 0

FS 0.9*NV 25 0.9*NV Specified
offset 100000 0

TT 0.9*NV 25 0.9*NV Specified
offset 100000 0

SF 0.9*NV 25 0.9*NV Specified
offset 100000 0

SS 0.9*NV 25 0.9*NV Specified
offset 100000 0

FF 0.9*NV -40 0.9*NV Specified
offset 100000 0

FS 0.9*NV -40 0.9*NV Specified
offset 100000 0

TT 0.9*NV -40 0.9*NV Specified
offset 100000 0

SF 0.9*NV -40 0.9*NV Specified
offset 100000 0

SS 0.9*NV -40 0.9*NV Specified
offset 100000 0
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10.2 Voltage gain of sense-amplifier

Ignoring the transistors M12 and M13 (refer figure 3.1)and analyzing only the half
circuit of strongARM architecture chosen (as shown in the figure 10.1), the overall
voltage gain can be given by:

AV =
V OD

V ID

where,
VOD is the differential output voltage

VID is the differential input voltage

We can also deduce voltage gain as,

AV = gm1,2(RON ∥ ROP)

This half circuit acts as a differential pair with cascoding load M3 and current
source transistor M5 applied to the amplifying transistors M1 and M2. Hence,

RON = (gm3ro3)ro1

ROP = ro5

where,
ro1, ro3, ro5 is the output resistance of transistor M1, M3 and M5 respectively.

Figure 10.1: Differential Half-Circuit of StrongARM latch circuit
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10.3 Currents in the branches of sense-amplifier

Referring to the figure 3.1 the currents in the branches can be calculated as shown
below.

Let +∆I and -∆I represent the differential currents produced by M1 and M2
respectively. The current at D3 and D4 can be written as,

−CD3
d(V D3)

dt
= gm3(V D4 − V D1)

−CD4
d(V D4)

dt
= gm4(V D3 − V D2)

Then the currents at the drains of transistors M1 and M2 is,

−CD1
d(V D1)

dt
= CD3

d(V D3)

dt
+∆I

−CD2
d(V D2)

dt
= CD4

d(V D4)

dt
−∆I
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