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Abstract- Transistor sizing to control random mismatch is 
investigated. Input offset voltage of 65nm bulk CMOS SRAM 
sense amplifiers are measured to analyze NMOS and PMOS 
threshold voltage (Vtn, Vtp) variation effects and compare them 
with statistical models and Pelgrom model predictions. A linear 
statistical response surface model (RSM) relating input offset to 
Vtn and Vtp is shown to agree well with measured results. 
Designs optimized using the RSMs produce circuits with 25% 
lower input offset voltage spread at a cost of 10% more active 
device area. Statistical models for post-manufacturing 
configuration are postulated and shown for sub-65nm 
technologies. 
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I. INTRODUCTION 

 
Pelgrom’s models [1] are universally applied for 

determining sufficient sizing of CMOS transistors to control 
mismatch due to random process variations. It is commonly 
applied to a wide range of circuit building blocks, such as 
differential amplifiers, current sources, and sense amplifiers. 
Importantly, since Pelgrom’s analysis describes the mismatch 
between two elements, its application to circuits with more 
than one dominant source of mismatch is not straightforward 
[2] and can result in considerable overdesign. 

To investigate Pelgrom’s model for capturing mismatch for 
65nm bulk CMOS, we consider its application for input offset 
voltage of the latch type sense amplifier in Fig. 1. This circuit 
was chosen because: a) the input offset is not easily described 
by an analytical formula; and b) the input offset is generally 
dominated by the random mismatch of the input NFETs. Both 
of which make this a classic circuit for application of the 
Pelgrom model.  

Along with the Pelgrom model, a simple linear response 
surface model (RSM) for the offset is constructed based on 
Monte Carlo simulations. One version of the sense amp is 
designed using this RSM and following a statistical 
optimization methodology similar to that in [3]. The sense 
amplifiers are fabricated and tested to compare the statistical 
measurement results. While the required sizing is reasonable 
for handling mismatch for 65nm, we will show that below the 
65nm node, post manufacturing configuration will eventually 
be the most effective way to manage the increase random 
variations that result in mismatch. 

 
 

 
Fig. 1. Latch type sense amplifier (LTSA). 

 
 

II. PELGROM’S MODEL AND THE LATCH TYPE SENSE 
AMPLIFIER 

 
When used in SRAM circuits, latch type sense amplifiers 

(LTSAs) are enabled only after memory bitlines reach a 
differential voltage swing level that is detectable [4]. For a 
robust read operation, this swing voltage must be larger than 
the input offset voltage of the LTSA. Bitlines are discharged 
by an individual memory cell, therefore, input offset voltage 
of the LTSA is an important factor in determining the overall 
parametric yield of the memory at a chosen operating 
frequency.  

LTSAs operate at high speed by using the positive feedback 
formed by the (N1, P1) and (N2, P2) inverter pairs [5]. 
Unfortunately, this positive feedback makes it difficult to 
derive analytical expressions for the offset voltage and yield 
estimates. Previous work for modeling the offset ranges from 
simple analyses [4] following Pelgrom’s model [1] to complex 
equations based on imprecise square law models for 
transistors [2].  

Pelgrom’s model on the matching of a process parameter P 
(e.g., threshold voltage) between two circuit elements is given 
by the equation [1]: 
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where �2(�P) is the variance of the difference of parameter P 
between the elements; AP and SP are the area and spacing 
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proportionality constants for parameter P; W and L are the 
dimensions of each element; and Dx is the spacing between 
them. If the elements are laid out in close proximity with a 
layout style that eliminates most sources of systematic offset 
(e.g., common centroid), mismatch is mostly dominated by 

the term in (1). Pelgrom’s model is particular useful 
for initial design of circuits where a certain performance 
specification is dominated by a single mismatch source, P, 
such as the LTSA in Fig. 1. With proper selection of transistor 
lengths, and careful layout to avoid systematic variations, the 
input offset voltage is dominated by the threshold voltage 
mismatch of NMOS transistors N1 and N2 when the input 
voltages are close to VDD. 

/(WL)PA2

In an SRAM, before the read operation, both bitlines are 
precharged to a voltage Vpc. During the first phase of the read 
operation; CLK is pulled low, one of the bitlines is discharged 
by the accessed memory cell, and the other is held at Vpc. The 
bitline discharge is relatively slow since SRAM cells are 
formed by small transistors to maximize memory density. 
Bitline voltages pass through P3 and P4, then are stored at the 
output nodes OUT+ and OUT–. Transistor N4 is included to 
disable a block of LTSAs when used in an SRAM design, 
hence it will be enabled for our analysis. When CLK is pulled 
high, the cross coupled inverters turn on and strong positive 
feedback pulls the output nodes to complementary logic levels 
quickly. It is desirable to perform CLK low to high transition 
as early as possible for reduced power consumption and 
increased memory speed. However, for a correct read 
operation, voltage differential at OUT+ and OUT– must be 
larger than the input offset voltage of the LTSA when CLK 
turns high.  

If Vpc is kept near VDD, after one of the bitlines is 
discharged and CLK goes high, (N1, N2) pair is on while (P1, 
P2) pair is off. A decision is well under way when one of the 
outputs reaches VDD–Vtp and one of the PMOS transistors 
turns on. Therefore, mismatch of (P1, P2) is less important and 
mismatch of (N1, N2) is the dominant factor on offset when 
Vpc is near VDD. Such conditions meet requirements for 
application of Pelgrom’s model. 

Fig. 2 shows the scatter plot of the standard deviation of 
input offset voltage (�Offset) with respect to Diff(Vtn) and 
Diff(Vtp) from Monte Carlo simulations when 
Vpc=VDD=1.0V. The axes are normalized to their respective 
standard deviations and: 

 
Diff(Vtn) = VtN1–VtN2 Diff(Vtp)= VtP2–VtP1 (2) 
�Diff(Vtn)= �VtN1 2 �Diff(Vtn)= �VtP1 2  (3) 

 
For modeling purposes we assume that the input offset is 

dominated by random mismatch and that the (VtN1, VtN2) 
and (VtP1, VtP2) pairs are independent, identically distributed 
random variables representing the threshold voltages.  

 
Fig. 2. Offset voltage vs. Diff(Vtn) and Diff(Vtp), Vpc=VDD=1.0V. 

 
As expected, Fig. 2 shows a linear relationship between 

offset and Diff(Vtn), while there is little or no correlation with 
Diff(Vtp). Therefore, we apply the following first order model 
for offset: 

 
� � � � cVtpDiffbVtnDiffaOffset ����� )()(    (4) 

 
We characterize this model using data for four different 

precharge voltages (0.7, 0.8, 0.9 and 1.0V) while keeping VDD 
constant at 1.0V. Compared to simulations, the modeling error 
of the linear approximation for each case is shown to be within 
3%, thus confirming that input offset is indeed dominated by 
random threshold voltage mismatch in terms of the simulation 
models. 

Fig. 3 shows the correlation coefficients (CC) of Diff(Vtn) 
and Diff(Vtp) with offset for different Vpc’s. As expected, as 
Vpc is lowered, P1 and P2 turn on sooner during the latching 
phase and their mismatch has an increasingly stronger impact 
on the offset. The correlation coefficient between offset and 
Diff(Vtp) increases correspondingly, and Pelgrom’s model is 
no longer directly applicable when the second source of 
mismatch becomes significant. Measurement results in the 
next section will support this expected behavior. 

Using the RSM model in (4), the transistors are sized to 
reduce the mismatch by 25% while minimizing the area and 
power impact. Simulation results for this statistically 
optimized design are also shown in Fig. 3. The optimization 
results in larger NFETs (N1, N2) but smaller PFETs (P1, P2), 
since the offset impact of the former are greater. We will 
compare this RSM model and Pelgrom’s formula with 
measurement results. 
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III. MEASUREMENT RESULTS 
 
We designed and fabricated arrays of optimized and non-

optimized LTSAs in a commercial 65nm bulk CMOS 
technology (Fig. 4). Each chip includes 2048 LTSAs, 50% 
based on the original design and 50% based on the statistically 
optimized design. Each differential output is connected to a D-
flipflop, and the flops are connected as a scan chain. The chip 
is wire-bonded in a PGA package, and mounted on a printed 
circuit board (PCB) using a socket. Inputs (bitlines) are 
heavily decoupled with both on and off-chip capacitance, and 
the input differential voltages are externally applied. After 
inputs are set, LTSAs and flops are clocked a few times to 
clear any potential metastability. After clocking, flops are put 
to scan mode and digital outputs are pushed through the scan 
chain at a low frequency. The scan chain output is read by a 
logic analyzer probe on the PCB. An automated test setup 
sweeps the inputs in steps of a few mV over a wide input 
range, and the switching point of each LTSA is determined by 
post processing the outputs [6]. The tests are repeated at four 
different precharge voltages. 

Histograms for the measured input offset distribution for the 
circuits are shown in Fig. 5. More than 12k samples for each 
design are collected from 12 different die. Bins are normalized 
to the standard deviation of the offset voltage of the non-
optimized circuit (�Offset,NO), and results are shown for 
Vpc=1.0V. The improved offset spread for the statistically 
optimized circuit is apparent in the measurement results. 
Simulated and measured values of �Offset,NO are within 5%, and 
this difference is even less for the optimized circuit (�Offset,O). 

Fig. 6 shows a comparison of the �Offset,NO/�Offset,O ratio for a 
simple area ratio based on Pelgrom model: 
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The efficacy of Pelgrom’s model is apparent in Fig.6; at the 

region where �Offset is dominated by the mismatch of N1 and 
N2 (i.e., Vpc=1.0V), the Pelgrom model predicts the 
performance of the circuit very well. As Vpc is decreased and 
mismatch of P1 and P2 further impacts �Offset, Pelgrom’s ratio 
is no longer applicable. The RSM model in [3] is nearly 
overlapping with the simulation curve in Figure 6. Such an 
RSM model can be an effective model of performance (�Offset) 
during initial design in general, and can further suggest design 
trade-offs in the circuit and for statistical optimization.  

 

 
Figure 5. Histogram of input offset voltage (measured). 
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Fig. 6. Comparison of �Offset ratio with simple area ratio based on Pelgrom 

model. 
 

 
 
 

Figure 4. Die photo of the manufactured chip. 
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Fig. 3. Correlation Coefficient (CC) of Offset with 
Diff(Vtn), Diff(Vtp). 
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CONCLUSIONS IV. STATISTICAL ELEMENT SELECTION 
  

A linear response surface model for relating input offset 
voltage of latch type sense amplifiers to threshold voltages 
variations has been described. The model is compared the 
design choices specified by the Pelgrom model. The response 
surface model was used to demonstrate the efficacy of 
statistical sizing for the LTSA. Measurements from a 65nm 
bulk CMOS testchip were used to compare the original and 
optimized designs and their corresponding models. The 
statistically optimized design resulted in a 25% decrease in the 
standard deviation of the input offset voltage at a cost of 10% 
increase in active area for the LTSA. A statistical element 
selection (SES) algorithm was proposed as the next step to 
control random variations in scaled CMOS processes. 

Even with more accurate RSM models, the scaling of 
analog designs will be limited due to the large device sizes 
required to accommodate mismatch specifications. For 45nm 
and below, the random variations will become more dominant 
for general bulk CMOS. Instead of oversizing devices to 
average out random mismatch, the randomness can be used to 
improve the ability to provide post-manufacturing 
configuration to match devices and sub-components with 
statistical element selection (SES). 

Consider the LTSA in Fig. 1 that is designed with multiple 
sub-components connected in parallel. The number of sub-
components would be determined by Pelgrom’s model or the 
RSM in (4). Next consider a post-manufacturing capability of 
enabling only a subset of the sub-components for matching, 
but being able to scan through the subset combinations to pick 
a good, or even the best sets. The random variations help to 
create a very large population of choices for matching. It can 
be shown that there is an exponential increase in the number 
of subsets with a linear increase in the number of elements in a 
set. Correspondingly, there is an exponential decrease in offset 
voltage spread among a set of selectable elements with a linear 
increase in area (Fig. 7), as compared to a 1/sqrt(area) 
relationship following the Pelgrom model [7].  
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