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ABSTRACT 

 

This paper presents a new template-based tool for characterizing CMOS device models and basic analog 

building blocks using different technologies. The tool is based on simulations of built-in templates and 

measurements of the corresponding Figure-of-Merits (FOM) defined for each block that can be analyzed by the 

designer. The tool provides the designer a better insight into each block’s operation by generating a detailed 

datasheet for the building block showing how different FOMs for each block vary with varying the 

corresponding bias conditions and/or device specs. 
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1. INTRODUCTION 

 
Recent CMOS technologies are driven mainly by the digital market where the process is optimized for digital design and 
the devices are characterized for one main trade-off between speed and power dissipation. On the other hand, analog 
design is characterized by numerous device and circuit specifications [1]. This requires many design trade-offs between 
different specifications (e.g. gain, bandwidth, power and noise) and corresponding design parameters (e.g. transistor’s 
length, width, bias voltage and currents) as shown in Fig. 1. Therefore, the design of analog circuits faces many 
difficulties due to poor characterization of devices.  

Many CAD tools and environments have been proposed to facilitate and automate the characterization tasks to increase 
circuit quality and minimize effort and time. Most of those tools aim to provide the designer with the necessary 
characterization information through a set charts, plots or numerical look-up tables [2]. Our tool helps the designer with 
this time consuming technology characterization stage by automating the simulation of built-in testbenches for different 
CMOS devices or analog building blocks and generating a corresponding datasheet to use in the analog design flow 
giving more accurate circuit design and simulation results in less time. 

The core of our tool is a Mentor Graphics tool called ICanalyst™ [3] that is responsible for running simulations required 
for characterization as well as generating datasheets.  

 

 
Figure 1.  Analog circuits large specifications space 
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2. TOOL OVERVIEW 

 
Our characterization tool demonstrates the importance of Tradeoffs in Analog IC design and how tradeoffs charts and 
information can be used in an efficient way. It allows the designer to explore visually the tradeoffs between important 
FOM’s of MOS devices or analog IC basic building blocks and their relation with the corresponding devices sizing and 
biasing conditions [1], [2]. 

Our tool consists of a library of basic structures as shown in Fig. 2, which are: 

a) Nmos 

b) Pmos 

c) NCommonSource 

d) PCommonSource 

e) NCurrentMirror 

f) PCurrentMirror 

g) NCascodeCurrentMirror 

h) PCascodeCurrentMirror 

i) NDiffPair 

j) PDiffPair 

k) NCascodeDiffPair 

l) PCascodeDiffPair 

The characterization capabilities of our tool allow the designer to change different parameters and observe the effect of 
these changes to performances of analog IC building block. The generated datasheets contain a wealth of information that 
the analog designer can use to determine the appropriate sizing of transistors in the circuit he designs. The charts and 
plots inside the datasheets also increase the understanding of tradeoffs in analog ICs and give more insight into the 
complex relationships between design parameters and performances of analog integrated circuits. 

 

 
 

 
  

Figure 2.  Analog building blocks library 

 

3. BUILDING BLOCKS CHARACTERIZATION 

A. Single Trasistor 

 
The first building block to be characterized is the most elementary block in analog design which is the transistor, shown 
in Fig. 3. The transistor tradeoffs are very suitable in explaining the concept of our tool and how this concept is extended 
to more complex blocks. The important FOM’s for the transistor [4], [5] are the transconductance efficiency (gm/ID), 
transit frequency (FT), the intrinsic gain (gm/gds) and current density (ID/W). 

 

Figure 3.  NMOS transistor 

 
Figure 4.  Inputs parameters for transistor characterization 

The designer first enters ranges for sizing and biasing of the transistor, and then the tool automatically generates the 
datasheet containing charts and plots between the previously mentioned FOM's as well as numerical look-up tables. All 
the results are generated by the tool using 65nm technology. The next plots and numerical table are generated for the 
sweeps shown in Fig. 4, which represents the parameters table in the same format of the generated datasheet. 

As an example, the output numerical look-up table for transistor characterization with the specified parameters is shown 
in Fig. 5 in the same format of the generated datasheet and a sample of tradeoff plots for transistor is shown in Figs 6 to 
13 illustrating the variation of the important FOM’s mentioned above versus transistor length and VGS variations. 
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Figure 5.  Numerical Look-up Table for Transistor Characterization Results 

A.1. Transconductance efficiency (gm/Id)  

The first two plots illustrate the variation of transconductance efficiency (gm/ID) with the transistor’s design parameters. 
Fig. 6 shows the relation between transconductance efficiency (gm/ID) and the transistor’s length for different gate to 
source voltage (VGS) values, while Fig. 7 shows the relation between transconductance efficiency (gm/ID) and the gate to 
source voltage (VGS) for different values of transistor’s length. The transconductance efficiency is the ratio between the 
MOSFET's transconductance (gm) and drain current (ID). It is a quality factor describing the production of desired 
transconductance for a given level of drain bias current. Theses plots are useful in determining the biasing of the 
transistor to give the required transconductance (gm) for a certain drain current (ID). 

 
Figure 6.  gm/ID vs L plot (for different VGS) 

 
Figure 7.  gm/ID vs VGS plot (for different L) 

A.2. Intrinsic gain (gm/gds) 

The following two plots illustrate the variation of intrinsic gain (gm/gds) with the transistor’s design parameters.  
Fig. 8 shows the relation between intrinsic gain (gm/gds) and the transistor’s length for different gate to source voltage 
(VGS) values, while Fig. 9 shows the relation between intrinsic gain (gm/gds) and the gate to source voltage (VGS) for 
different values of transistor’s length. The intrinsic gain shows the maximum voltage gain that can be achieved from a 
single device. These plots show that more gain can be achieved from devices with longer lengths. This is due to the 
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increase in output resistance of the transistor (Rout = 1/gds) as the channel length increases. Also, the intrinsic gain plots 
together with the previous plots show that the intrinsic gain increases with the increase in transconductance efficiency.  

 
Figure 8.  gm/gds vs L plot (for different VGS) 

 
Figure 9.  gm/gds vs VGS plot (for different L) 

A.3. Current density (ID/W) 

The following two plots, shown in Fig. 10 and Fig. 11, illustrate the variation of current density (ID/W) with the 
transistor’s length and source to gate voltage respectively. These plots are used to determine the device width. After 
analyzing the above curves, the designer can choose a value for gm/ID, gate to source voltage (VGS) and channel length to 
satisfy his specifications. Then the designer can determine the channel width by dividing the desired drain current (ID) by 
ID/W. These plots show that for a specific current and gm/ID, more width (more area) is needed to achieve this current for 
higher length devices. Also, other important information can be gained from this curve related to the previous chart of 
transit frequency. 

 
Figure 10.  ID/W vs L plot (for different VGS) 

 
Figure 11.  ID/W vs VGS plot (for different L) 

A.4. Transit frequency (FT) 

The last two plots for the transistor, shown in Fig. 12 and Fig. 13, illustrate the variation of transit frequency (FT) with the 
transistor’s length and source to gate voltage respectively. The transit frequency equals gm/CGG which is the ratio between 
transconductance and parasitic capacitances. We want to maximize this ratio as possible since it means that the parasitic 
capacitance is low which lowers its effect in the overall circuit. It is also an important parameter that determines till 
which frequency the MOSFET can operate. The plots show that lower length devices achieve higher transit frequencies 
and the behavior approaches an inverse quadratic dependence between channel length and transit frequency. 

 
Figure 12.  FT vs L plot (for different VGS) 

 
Figure 13.  FT vs VGS plot (for different L) 
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B. Current Mirror 

 
The current mirror is one of the most important building blocks in analog IC designs. Most of biasing in analog IC 
designs is done by current mirroring techniques. So, it is important to understand the tradeoffs found in the current 
mirror. The FOM's for current mirror [4], [5] are the transconductance efficiency (gm/ID), current ratio (IRatio), output 
impedance (Rout) and bandwidth (BW). The library of the tools includes both simple and cascode current mirrors where 
these blocks are characterized for NMOS and PMOS based designs. Fig. 14 shows the schematic of Simple Current 
Mirror to be characterized. 

 

 

Figure 14.  Simple Current Mirror 

 
Figure 15.  Inputs parameters for  

simple current mirror characterization 

The designer enters ranges for sizing and biasing of the transistors, the required current ratio and the required output DC 
voltage. Then the tool automatically generates datasheets with tradeoffs plots between the previously mentioned FOM's. 
All the results are generated by the tool using 65nm technology. The next plots and numerical table are generated for the 
sweeps shown in Fig. 15, which represents the parameters table in the same format of the generated datasheet. 

As an example, the output numerical look-up table for simple current mirror characterization with the specified 
parameters is shown in Fig. 16 in the same format of the generated datasheet and a sample of tradeoff plots for simple 
current mirror is shown in Figs 17 to 24 illustrating the variation of the important FOM’s mentioned above versus 
transistor length and reference current (Io) variations. 

 
Figure 16.  Numerical Look-up Table for Simple Current Mirror Characterization Results 
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B.1. Transconductance efficiency (gm/ID) 

The first two plots for the simple current mirror, shown in Fig. 17 and Fig. 18, illustrate the variation of transconductance 
efficiency (gm/ID) with the transistor’s length and the reference current of the transistor M1 (Io) respectively. These plots 
show that as current increases, the efficiency decreases. Also, the plots show that as the length increases, the 
transconductance efficiency decreases. This is due to the decrease in the W/L ratio, so an increase in the overdrive 
voltage of the transistor is required to achieve the same current.  

 
Figure 17.  gm/ID vs L plot (for different Io) 

 
Figure 18.  gm/ID vs Io plot (for different L) 

B.2. Current ratio  

The following two plots illustrate the variation of the current ratio with the length of the current mirror transistors and the 
reference current (Io) as shown in Fig. 19 and Fig. 20 respectively. These plots show that the current ratio deviates from 
the required current ratio. These deviations are due to channel length modulation effects. The current flowing in M2 
depends on the drain to source voltage (VDS) of this transistor. The drain to source voltage of M1 differs from that of M2, 
so large deviation is noticed. The plots also show that as the channel length increases, the current ratio approaches the 
required ratio.  

 
Figure 19.  IRatio vs L plot (for different Io) 

 
Figure 20.  IRatio vs Io plot (for different L) 

B.3. Bandwidth  

The following two plots illustrate the variation of the bandwidth with the transistors’ length and the reference current (Io) 
as shown in Fig. 21 and Fig. 22 respectively. The plots show that the bandwidth decreases with increasing channel length 
due to increasing parasitic capacitances. 

 
Figure 21.  BW vs L plot (for different Io) 

 
Figure 22.  BW vs Io plot (for different L) 
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B.4. Output impedance (Rout) 

The last two plots for the simple current mirror illustrate the variation of the output impedance (Rout) with the current 
mirror design parameters. Fig. 23 shows the relation between the output impedance and the current mirror transistors’ 
length for different values of the reference current (Io), while Fig. 24 shows the relation between the output impedance 
and the reference current (Io) for different values of the transistors’ length.  

The output impedance Rout of the current mirror is given by:  

              
          

  

These plots show that the output impedance (Rout) increases as the channel length increases due to the reduced effect of 
Channel Length Modulation (CLM). Also, from the plots, we observe that the output impedance increases (Rout) with 
decreasing current. 

  
Figure 23.  Rout vs L plot (for different Io) 

 
Figure 24.  Rout vs Io plot (for different L) 

C. Differential Pair 

 
Differential pairs are the basic building blocks of operational amplifiers. The library of the tools currently includes both 
simple and cascode differential pairs and these blocks are characterized for NMOS and PMOS based designs. The FOM's 
for the differential pair [4], [5] are the transconductance efficiency (gm/ID), differential gain, bandwidth (BW) and output 
impedance (Rout).  Fig. 25 shows the schematic of Simple Differential Pair to be characterized. 

 

 
Figure 25.  Simple Differential Pair 

 

Figure 26.  Inputs parameters for  

simple differential pair characterization 

 
The designer first specifies which effect of design parameters he wants to investigate (effect of transistor length or 
width). Next, He enters ranges for sizing and biasing of the transistors and the required output DC voltage. Then the tool 
automatically generates the datasheet containing plots between the previously mentioned FOM's as well as numerical 
look-up tables. All the results are generated by the tool using 65nm technology. The next plots and numerical table are 
generated for the sweeps shown in Fig. 26, which represents the parameters table in the same format of the generated 
datasheet. 

As an example, the output numerical look-up table for simple differential pair characterization with the specified 
parameters is shown in Fig. 27 in the same format of the generated datasheet and a sample of tradeoff plots for simple 
current mirror is shown in Figs 28 to 35 illustrating the variation of the important FOM’s mentioned above versus 
transistor length and bias current (Io) variations. 
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(a) 

 
(b) 

Figure 27.  Numerical Look-up Table for Simple Current Mirror Characterization Results  

(a) DC OP Specifications (b) AC Specifications 

C.1. Transconductance efficiency (gm/ID) 

The first two plots for the simple differential pair illustrate the variation of the transconductance efficiency (gm/ID) with 
the differential pair design parameters. Fig. 28 shows the relation between the transconductance efficiency (gm/ID) and the 
differential pair transistors’ length for different values of the bias current (Io), while Fig. 29 shows the relation between 
the transconductance efficiency (gm/ID) and the bias current (Io) for different values of the differential pair transistors’ 
length.  

The plots show that as current increases, the efficiency decreases (i.e. more power is consumed and less swing is 
achieved). Also, they show that as the length increases, the transconductance efficiency decreases. This is due to the 
decrease in the W/L ratio, so an increase in the overdrive voltage of the transistor is required to achieve the same current. 

 
Figure 28.  gm/ID vs L plot (for different Io) 

 
Figure 29.  gm/ID vs Io plot (for different L) 

C.2. Output impedance (Rout) 

The following two plots illustrate the variation of the output impedance (Rout) with the differential pair transistors’ length 
and the bias current (Io) as shown in Fig. 30 and Fig. 31 respectively. 
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Figure 30.  Rout vs L plot (for different Io) 

 
Figure 31.  Rout vs Io plot (for different L) 

C.3. Differential gain 

The following two plots for the simple differential pair illustrate the variation of the differential gain with the differential 
pair design parameters. Fig. 32 shows the relation between the differential gain and the differential pair transistors’ length 
for different values of the bias current (Io), while Fig. 33 shows the relation between the differential gain and the bias 
current (Io) for different values of the differential pair transistors’ length. 

 
Figure 32.  Differential Gain vs L plot (for different Io) 

 
Figure 33.  Differential Gain vs Io plot (for different L) 

C.4. Bandwidth 

The following two plots for the simple differential pair illustrate the variation of the bandwidth with the differential pair 
design parameters. Fig. 34 shows the relation between the bandwidth and the differential pair transistors’ length for 
different values of the bias current (Io), while Fig. 35 shows the relation between the bandwidth and the bias current (Io) 
for different values of the differential pair transistors’ length. 

We notice from the plots that as the channel length increases, the bandwidth of the simple differential pair decreases. 
This is due to the increase in the parasitic capacitances as devices dimensions increase. The plots also show that as the 
bias current (Io) increases for a certain length, which means that the corresponding transconductance efficiency decreases, 
the bandwidth increases (a similar behavior to that of previous blocks). 

 

 
Figure 34.  BW vs L plot (for different Io) 

 
Figure 35.  BW vs Io plot (for different L) 
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4. CONCLUSION 

 
This paper presented a new template-based tool that helps the designer characterize CMOS devices and analog basic 
building blocks and use the generated datasheet to get a better understanding of the concept of tradeoffs in analog IC 
design, the effects of changing different design parameters on circuit performance as well as the effects of different 
technologies and whether a certain technology can meet the specifications or not at an early design stage. 

Also, in this paper, the contents of the generated datasheets such as plots and numerical look-up tables were presented for 
three main analog basic building blocks, which are; NMOS transistor, simple current mirror and simple differential pair 
using 65nm technology as examples of the beneficial usage of our tool’s generated datasheets. 

This tool can be extended to accommodate another operation mode that makes use of the current characterization 

capabilities of our tool, where it can automate the design flow of any analog circuit that can be divided into our supported 

analog basic building blocks by using the generated datasheets for optimizing those building blocks to achieve the analog 

circuit’s required specifications. 
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