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Abstract 
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MATLAB and it is shown that the MATLAB models agrees well with simulation results from the 
circuit simulator (Spectre). 
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Abstract
In this master thesis work, the power dissipation in a current-steering digital-to-analog con-
verter, DAC, has been studied. The digital as well as the analog power dissipation have been
modelled in MATLAB and it is shown that the MATLAB models agrees well with simulation
results from the circuit simulator (Spectre).

A case study on a DAC designed at Ericsson Microelectronics AB in Linköping has also been
done. The DAC is a thermometer-coded current-steering DAC suitable for telecommunica-
tions applications. The telecommunication standards that have been studied are asymmetric
digital subscriber line, ADSL, very high speed data digital subscriber line, VDSL, and, wire-
less local area network, WLAN. The conclusion of the study is that the power dissipation of
the specific DAC, used in ADSL applications, 75mW, is far from optimized. It can theoreti-
cally be lowered to 3.5mW. 
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Introduction 1
1 Introduction
This section will give a brief overview of the thesis Modelling of Power Dissipation in CMOS
DACs. The aim and goal are presented, as well as the method used. Finally, an overview of
telecommunication will be presented. 

1.1 Brief Overview of the Report
The report consists of two main parts, where the theory is presented in one part and a case
study is presented in the second. In this introductory section the aim and goal are discussed,
and the method used throughout the thesis. An introduction is given to telecommunication,
with an overview of asymmetric digital subscriber line, ADSL, very high speed data digital
subscriber line, VDSL, and wireless local area network, WLAN, and how the different sys-
tems work. 

Digital-to-analog converters, DACs, and power dissipation are discussed in the theory part. In
the discussion about DACs, the DAC performance measures, consisting of static, dynamic
and frequency-domain measures are explained. Some of the different DAC architectures and
implementation modes are briefly discussed. In the discussion about the power dissipation, a
general theory is first presented, then the power dissipation for the digital part of the DAC is
considered, followed by the power dissipation for the analog part of the DAC. 

In the case study, results from three different research studies are presented. The first study is
on the DACs available on the market, the second describes the modelling of the power dissi-
pation for the digital part of the DAC, and the third describes the modelling of the power dis-
sipation for the analog part of the DAC. 

1.2 Aim and Goal
The aim for this report is to present the results of the assignments given for this thesis work,
which is a part of the Master of Science in Electronics Design program, at Linköping Univer-
sity. The goal is to solve the given assignments as well as to learn and understand how the
power dissipation in DACs can be modelled. 

The assignments are:

• Find and evaluate the DACs suitable for telecommunication application that are available 
on the market.

• Model the power dissipation in the digital part of a current-steering DAC.
• Model the power dissipation in the analog part of a current-steering DAC. 

The DACs of special interest are shown in Table 1.1. The table shows the applications for the
DACs, the number of bits, the clock frequency, the output current, and the resistance load.
These DACs are interesting because they are suitable for telecommunication applications. 

The power dissipation is going to be modelled for a specific current-steering DAC that has
been designed by my supervisors, Niklas Andersson and Ola Andersson at Ericsson Micro-
electronics ABs Design Center in Linköping.
Modelling of Power Dissipation in CMOS DACs 



2 Introduction
The first assignment involves finding the DACs available on the market, that fulfills given cri-
terion e.g., the number of bits, type of process, and that the DAC should be suitable for tele-
communications applications.

The second assignment, to model the power dissipation in the digital part, involves investigat-
ing what factors influence the power dissipation in the digital part. How many percent of the
total power dissipation arise from the digital part? Can the power dissipation in the digital part
be lowered? How can the power dissipation in the digital part be minimized? 

The third assignment, to model the power dissipation in the analog part, involves also investi-
gating what factors influence the power dissipation in the analog part. How many percent of
the total power dissipation arise from the analog part? Can the power dissipation in the analog
part be lowered? What is the physical lower limit for the power dissipation in the analog part. 

1.2.1 Limitations
Some limitations have been imposed on this thesis work. 

There are many different processes, e.g, CMOS, BiCMOS, or bipolar. CMOS is one of the
most commonly used, and the thesis is focused on this type of process. 

There are mainly two different types of DACs, Nyquist-rate and oversampling. We will focus
on the Nyquist-rate DACs in this thesis. 

What happens when the power dissipation is lowered? If the power dissipation is lowered by
lowering the supply voltage, the speed in the circuit will be lowered. There will also be prob-
lems with maintaining the signal-to-noise ratio. There are also a difference between the theo-
retical minimum power dissipation and the practical minimum power dissipation. None of the
mentioned matters are considered in this thesis. 

1.3 Method
For the first assignment, the DAC market study, one needs to know the fundamentals of tele-
communication, i.e., how ADSL/VDSL and WLAN works as well as the DAC fundamentals.
The theory about DACs are taken from several books and reports. Constants and some equa-
tions have been taken from a physics handbook [18]. The theory part about DACs is presented
in Sec. 2. The Internet, homepages and databases, e.g., IEEE on-line, have been searched for
data sheets of the DACs available on the market. There are some terms mentioned in the data
sheets, and they are explained in Sec. 2.

For the two following assignments, a theory part about power dissipation is presented in Sec.
3. To the second assignment, the power dissipation in the digital part, MATLAB and Cadence

Type Number of bits  [ ]  [ ]  [ ]

ADSL 14 10 20 50

VDSL 14 100 20 50

WLAN 10 100 20 50

Table 1.1. Overview of DACs. 

fclk MHz Iout mA R Ω
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Introduction 3
have been used for calculations and simulations. An introductory MATLAB course - with engi-
neer applications [16] has been used to learn MATLAB. For learning Cadence, Cadence en
sammanfattning [15] has been used. To the third assignment, the power dissipation in the ana-
log part, MATLAB and Cadence have been used for calculations and simulations. The abbre-
viations used throughout the thesis are summarized before the report. 

1.4 Telecommunication
In this section an introduction to telecommunication is presented. ADSL, VDSL, and WLAN
is further described. How ADSL/VDSL systems work, and how WLAN works are briefly dis-
cussed. 

1.4.1 Introduction to Telecommunication
Digital subscriber line, DSL, technologies allow broadband communication over copper
wires, i.e., plain old telephone service, POTS. There are different types of DSL standards,
e.g., asymmetric digital subscriber line, ADSL, very high speed digital subscriber line, VDSL,
and symmetrical digital subscriber line, SDSL. They are often referred to as xDSL standards. 

Telecommunication can be done both via cables and wireless (via radio). Via cables the tele-
communication standards ADSL or VDSL can be used. WLAN can be used via radio. There
are many other ways to communicate, e.g., LAN or satellite. There exists some different
WLAN standards, but the one called 802.11b is the one referred to in this report.

ADSL
ADSL uses the same copper wires for transferring voice and data. Dialing and speaking on
the phone will not interfere with the broadband communication. This means that one can
speak and be online on the Internet at the same time. Estimations say that there are about 560
millions subscriber lines in the world. Many of these lines are used for voice only, but they
can easily be modified so they can be used for data transfer as well. By using xDSL on copper
wires one does not have to dig in new wires for data communication and that saves a lot of
money [4]. 

Asymmetric means that the upstream data transfer rates and the downstream data transfer
rates do not have the same bit rate. Upstream data rate is around 1 Mbps in ADSL and the
downstream data rate is around 8 Mbps. The time used to transfer data downstreams is often
longer than the time upstream, so it is useful to have different bit rates. As shown in Fig. 1.1,
ADSL uses the frequency spectrum between 0 kHz and 4 kHz for voice over POTS and 4 kHz
to 2.2 MHz for data transfer [4].
Modelling of Power Dissipation in CMOS DACs 



4 Introduction
Fig. 1.2 shows an overview over ADSL/VDSL. The central office, CO, side needs to be modi-
fied for data transfer over ADSL and the customer premises equipment, CPE, needs an ADSL
modem. The distance between the consumer and the central office, CO, must not be longer
than 5 km. If it is larger the data speed is lowered. This means that about 80% of the 560 mil-
lions lines in the United States are suitable for high speed data access [4]. 

PSTN in Fig. 1.2 stands for public switched telephone network. DSLAM stands for digital
subscriber line access multiplexer. In the customers home, the CPE side, there is a splitter to
separate the low frequencies from the high frequencies. The telephone uses the low frequen-
cies, <4 kHz, for dialing. Personal computers are connected to an xDSL modem and use the
high frequencies, >4 kHz, for broadband communication. At the central office side there is
another splitter separating the low and the high frequencies. The low frequencies are used for
the public switched telephone network and the high frequencies are for the digital subscriber
line access multiplexer. 

VDSL
VDSL, very high speed digital subscriber line, is a technology under development that prom-
ises much higher data rates over short distances. VDSL is a project between Luleå University,

Figure 1.1 Frequency spectrum [5].

Figure 1.2 Client side, CPE, and central office side, CO [5].
Modelling of Power Dissipation in CMOS DACs



Introduction 5
Telia Research, Upzide Labs in Luleå, and Stanford University. The VDSL standard devel-
oped at Luleå University is going to be the standard in Europe, and hopefully the whole
world. The data rate is between 51 and 55 Mbps over lines that are up to 300 meters long.
VDSL is similar to ADSL, but with the difference that the data transfer rate is higher and the
same both upstream and downstream. Another difference, except for the difference in the data
rate, is that the costumer needs to be closer to the base station when using VDSL [20]. ADSL
and VDSL can co-exist on the same lines [9].

WLAN
WLAN, wireless local area network, is standardized by the institute of electric and electronics
engineers, IEEE. There are two commonly used WLAN standards 802.11a and 802.11b.
802.11b is used world wide, while 802.11a can not be used in Europe because some of the
channels may conflict with radar signals. 

The frequency spectrum for WLAN 802.11b ranges from 2400 MHz to 2483.5 MHz. The data
rate for 802.11b is 54 Mbps, which is almost the same as for VDSL, but the difference is that
one does not need any cables. An advantage of WLAN is that it can be used where POTS is
unavailable, e.g., in China.

An overview of how the system is built is shown in Fig. 1.3. The basic service set, BSS1, and
BSS2 are two stand alone wireless local area networks. They are connected to the distribution
system, DS, at an access point, AP. If there is no radio contact with the distribution system,
only local users can transfer information between each other. The data transfer can be over a
cable between BSS1 and BSS2. The portal provides an access point so that all stations can
send information to the Internet. 

Figure 1.3 WLAN overview [19]. 

AP

AP

DS

BSS1

Portal

BSS2
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Digital-to-Analog Converters 7
2 Digital-to-Analog
Converters

This section will explain the static, dynamic and frequency domain DAC performance mea-
sures of the ideal digital-to-analog data converter, DAC. Some of the different architectures,
e.g., thermometer code, and some different implementation modes such as current-steering
and charge-redistributed are presented. The section about the ideal DAC is based on [2, 21].
The DAC performance measures are based on [2, 7, 21]. The section about the Nyquist-rate
DACs are based on [2, 3, 7, 21]. 

There are two general types of DACs. The Nyquist-rate and the oversampling DACs. In some
literature a third type called interpolation DAC is mentioned. This thesis will focus only on
the Nyquist-rate DACs. The oversampling DACs operate at a higher sample frequency than
both the Nyquist-rate and the interpolation DACs. The Nyquist-rate DACs use the frequencies
between DC, no frequency at all, up to half the updating frequency. The updating frequency
for the DACs in Sec. 4.1 is in the range of 50-100 MSp/s [7].

2.1 The Ideal DAC 
The operation of an ideal DAC is described here. Fig. 2.1 shows an -bit DAC.  is a
voltage reference level and  is the output voltage. The -bit digital input word, , is
mapped to a single analog value, e.g., a current or a voltage [2]. 

The binary input signal, called a digital word, is defined in Eq. (2.1) below Eq. (2.2) shows
how the output voltage is calculated.

(2.1)

(2.2)

 is either 1 or 0 depending on the input word.  is the most significant bit, MSB, and  is
the least significant bit, LSB. If we have a 3-bit DAC with the binary input 101, the decimal
value would be . For a 3-bit DAC with an input
word of 101 and a reference level of 5V, the output voltage would be . 

Figure 2.1 A block diagram over an ideal DAC [2].

N Vref
Vout N Bin

Bin

Vref

Vout

D/A

Bin b12 1– b22 2– … bN2 N–+ + +=

Vout Vref Bin⋅=

bi b1 bN

Bin 1 2⋅ 1– 0 2 2– 1 2 3–⋅+⋅+ 0,625= =
3,125V
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8 Digital-to-Analog Converters
2.2 DAC Performance Measures 
There are many performance measures for a DAC. They can be divided into static measures,
dynamic measures, and frequency-domain measures. 

2.2.1 Static Performance Measures 
The static performance measures describe the behavior of a DAC when single input words are
applied. They are the offset and gain error, the integral nonlinearity error and the differential
nonlinearity error. 

Offset Error 
For an input value, that is equal to zero, the output value should also be zero. The deviation
from zero is called offset error, . Fig. 2.2 shows the offset error for a 2-bit DAC. The off-
set error can be calculated as shown in Eq. (2.3), where  is the actual output voltage and

 is the voltage for the least significant bit, LSB [2]. The zeros symbolize that the input
signal is equal to zero, independent on the number of bits.

(2.3)

Gain Error 
The difference at the full-scale value between the ideal curve and the actual curve is defined
as the gain error, . Before the gain error is calculated the offset error is subtracted. Fig.
2.2 shows the gain error for a 2-bit DAC. The gain error can be calculated according to Eq.
(2.4) [2]. 

(2.4)

Figure 2.2 Offset and gain error for a 2-bit DAC [2].
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Digital-to-Analog Converters 9
Integral Nonlinearity Error, INL 
Integral nonlinearity error, INL, is defined as the deviation from a straight line. This line can
be obtained in two ways. Either the endpoints from the converter is used to define the line, or
a line is defined that minimizes the maximum difference. INL has a different value for each
digital input word. This makes it hard to predict the influence from INL error. To avoid the
problem of specifying INL errors they are sometimes referred to as the maximum magnitude
of the INL values for all the different words [2]. 

Differential Nonlinearity Error, DNL 
Differential nonlinearity error, DNL, is referred to as the variation in the analog step size.
Each step in an ideal DAC should be equal to 1 LSB. The size can vary from 0.5 LSB to 1.5
LSB. DNL errors are similar to the INL errors in the way that they also have a different value
for each digital word. Sometimes DNL is referred to as the maximum magnitude of the DNL
values [2]. 

Accuracy 
The accuracy for a DAC is defined as the difference between the ideal transfer characteristic
and the actual transfer characteristic. The absolute accuracy take the offset errors, the gain
errors and the linearity (DNL and INL) errors into account. Relative accuracy only accounts
for offset error and the gain error. For example, a converter may have a 14-bit resolution but
only 12-bit accuracy, and sometimes if the transfer characteristic is very exactly controlled, a
12-bit converter can have 14-bit accuracy [2]. 

Monotonicity 
If a DAC is monotone, then the output always increases as the input increases. It is normally
not necessary to state such a condition for a DAC explicitly to have this behavior. If the maxi-
mum DNL error is less than 1 LSB it is said that the DAC is guaranteed to be monotone.
Monotonicity can also be guaranteed if the maximum INL error is less than 0.5 LSB. Monoto-
nicity is important for DACs used in telecommunication applications [2]. 

Figure 2.3 Integral nonlinearity error, INL [2].
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10 Digital-to-Analog Converters
2.2.2 Dynamic Performance Measures 
The dynamic performance measures describes the behavior of the DAC when the input word
makes transitions between different values. For DACs suitable for telecommunications the
requirements on the dynamic performance are stringent. The dynamic measures included
glitches. Some other, not explained, dynamic measures are clock feed-through and non-linear
slewing [21]. 

Glitches 
Glitches are a limitation at high-speed data transfers. They occur during a transition between
two output values, as an undesired output value due to different signal propagation delay. The
glitches occur, e.g., when the digital input changes from 01111 to 10000. If the LSBs is turned
off slightly before MSB, the output will be 11111 for a short period of time. If instead LSBs is
turned off slightly after MSB, 00000 is the output. 

Fig. 2.4 shows three graphs. The upper graph shows the output caused by the MSB over a cer-
tain time. At the start MSB is low, 0, and after a time it is high, 1. The middle graph shows the
output caused by the LSB. Initially the value of the LSB is high, 1, and after a time the value
is low, 0. The lower graph shows the two upper graphs in one. As can be seen there is a small
difference in time between, when the LSB goes low, 0, and the MSB goes high, 1. For a short
period of time the output is low, instead of being high all the time. Hence, a glitch occurs at
the output. 

To avoid this problem one can reduce the bandwidth. But reducing the bandwidth decreases
the speed in the circuit. If we sample and hold the output signal the glitches will not occur, but
it will also slow down the circuit. If high speed is important another way is to modify the digi-
tal word so the differences in MSB and LSB will not occur. This can be done by e.g., ther-
mometer code. Thermometer code will be further described in Sec. 2.3.1 [2]. 

2.2.3 Frequency-Domain Measures 
There are many different frequency-domain measures. The most commonly used is the signal
to noise ratio, SNR. Some others often used but not explained here are harmonic distortion,

Figure 2.4 Glitches.
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Digital-to-Analog Converters 11
HD, signal to noise and distortion ratio, SNDR, and spurious free dynamic range, SFDR [21]. 

Signal-to-Noise ratio, SNR 
SNR is a ratio between the signal power and the noise power in a given frequency band
according to 

(2.5)

where  is the signal power and  is the noise power. The value of  is given in 
[7].

2.3 Nyquist-Rate DACs
In this section some of the most commonly used DAC architectures, and some of the different
implementation modes are explained. 

2.3.1 DAC Architectures 
There are two main groups of DAC architectures, algoritmic and flash. The algoritmic DAC
uses a serial input and the flash uses parallel inputs. The advantage of the algoritmic architec-
tures over the flash is that the chip size is smaller, and the disadvantage is that the circuit
speed becomes slower. One can use pipelining to increase the speed of an algoritmic architec-
ture, but it will also increase the chip area [7]. 

The most common architectures are binary-weighted, thermometer coded, direct encoded,
hybrid, and algoritmic. A linear-coded architecture is also presented. For telecommunication a
hybrid architecture is most useful. 

Binary-Weighted DAC Architecture
Binary-weighted, binary-encoded, or binary-scaled, uses binary scaled elements e.g., current
sources, resistors, or capacitors. This means that every element is weighted with

, where  is the number of bits. 

The advantage of using binary-weight is that the number of elements are kept at the minimum
value. The disadvantage of using binary-weighted is that for large number of bits, over 10, the
difference between the smallest and the greatest value of the binary scaled elements becomes
large. This means that the circuit will become sensitive to glitches and matching errors [7]. 

Thermometer Coded DAC Architecture
Thermometer coded DACs have the same weighting in all elements. The advantages of using
thermometer code is that the disturbance from glitches are minimized. Table 2.1 shows ther-
mometer code for a 3-bit binary value. Another advantage is that the differential nonlinearity,
DNL, errors is low. Monotonicity is also guaranteed. Because thermometer code reduces the
disturbance from glitches, it is used for high-speed operation. Monotonicity is guaranteed
because we always add a reference source when ramping the output. 

One of the disadvantages of thermometer code is that the number of elements used becomes
large, which results in large chip area. Thermometer code uses  digital input bits to rep-
resent different digital values, while binary codes uses only  digital inputs to present

SNR 10
Ps
Pn
------ 

 log⋅≡

Ps Pn SNR dB

21 22 … 2N, , , N

2N 1–
2N N
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12 Digital-to-Analog Converters
digital values. The thermometer encoding becomes too large for  [3]. 

Direct Encoded DAC Architecture
The direct encoded DAC architecture is similar to the thermometer coded. The binary input
code is converted into a so called “walking one”. Table 2.1 shows the “walking one” for a 3-
bit binary input. One of the advantages of using direct encoded DAC architecture is that the
monotonicity is guaranteed. The disadvantages are that similar to the thermometer coded, the
chip area becomes large and the number of elements used becomes large. The encoder is also
large and the glitches are worse because more than one bit is changing at the same time [7]. 

Linear-Coded DAC Architecture
The performance of the linear-coded DAC architecture is between the thermometer coded and
the binary weighted. Table 2.1 show the linear code for a 3-bit binary input. It differs from the
direct encoded, because several bits are allowed to be 1 at the same time. 

The advantages are that the linearity is better and the influence from glitches is smaller than
for the binary weighted. The disadvantage is that the encoding from the binary code into the
linear code is rather complex. The chip area compared to only using thermometer code and
the sensitivity for disturbance from glitches is reduced compared to the use of only binary-
weighted coding [7]. 

Hybrid DAC Architecture
The hybrid DAC architecture, or the so called segmented DAC architecture, is a combination
of two different types. This is often used because the advantages of one type can compensate
for the disadvantages of another type. Thermometer code is used for MSBs and binary-
weighted code is used for the LSBs [3, 7]. 

2.3.2 Implementation Modes for DAC 
There are three different implementation modes for DACs; voltage-mode, current-mode, and
charge-redistribution mode. In voltage-mode the element value is given by a voltage. In cur-

Decimal Binary Thermometer Code “Walking one” Linear

 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 1

2 0 1 0 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 0 1 0

3 0 1 1 0 0 0 0 1 1 1 0 0 0 0 1 0 0 0 1 0 0

4 1 0 0 0 0 0 1 1 1 1 0 0 0 1 0 0 0 1 0 0 0

5 1 0 1 0 0 1 1 1 1 1 0 0 1 0 0 0 0 1 0 0 1

6 1 1 0 0 1 1 1 1 1 1 0 1 0 0 0 0 0 1 0 1 0

7 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 0 0

Table 2.1. Decimal, binary, thermometer, “walking one”, and linear code for 3-bit binary.

2N N 8≥

d0 b2b1b0 s7s6s5s4s3s2s1 w7w6w5w4w3w2w1 l4l3l2l1
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Digital-to-Analog Converters 13
rent-mode, the element value is given by, e.g., switched current sources. Charge-redistribution
mode is obtained when element values are given by capacitor ratio and switched capacitors
give the output value. Charge-redistribution mode can sometimes be considered as a voltage-
mode. For high-speed applications, current-mode is most useful [7]. 

Current-Steering DAC 
The advantage of the current-steering DAC is that it can be designed to be very fast for less
than ten bits. The power efficiency is very high since almost all power is dissipated in the load
resistor at the output. The disadvantage of this type of converter is that it is sensitive to mis-
match [7]. In Fig. 2.5 an -bit current-steering DAC is shown. The current-steering DAC in
the figure is binary-weighted, as can be seen from the weighting of the current sources. The
switches are controlled by the input word. 

Charge-Redistribution DAC 
A charge-redistribution DAC consists of switched-capacitors that produce the analog output
value.The charge is stored in the capacitors. The capacitors are binary weighted, where the
MSB capacitor is  times larger than the LSB capacitor. In Fig. 2.6 an -bit charge-
redistribution DAC is shown. This is a type of switched-capacitor DAC with an amplifier at
the output. 

Figure 2.5 Binary weighted current-steering DAC [7]. 

Figure 2.6 An N-bit charge-redistribution DAC [7]. 
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14 Digital-to-Analog Converters
The limitations of this type of DAC are, the matching of the capacitors, the switch-on resis-
tance, and the bandwidth of the amplifier. The noise of this DAC is  [7, 21]. 

R-2R Ladder DAC
Fig. 2.7 shows an R-2R ladder implementation. The current sources, , have the same value,
which is different from the current-steering DAC. The switches are controlled by the digital
input word. The input impedance for each current source will always be 2R. 

The advantage is that this type of implementation uses a small number of components, and
only two different sizes of resistors. The disadvantages are that if the number of bits is high
there is a time delay between the LSB and the MSB, and the resistors values must have high
linearity [2, 7].

Resistor-String DAC
Fig. 2.8 shows a voltage mode, direct encoded, resistor string DAC. The figure uses a “walk-
ing one” as an input code.The disadvantage of this type of implementation is that the delay
between the LSB and the MSB increases with the number of switches.  

Figure 2.7 An N-bit R-2R ladder DAC [7].

Figure 2.8 An N-bit resistor string DAC [7].
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3 CMOS Power
Dissipation

In this section the fundamentals of power dissipation is presented. The section starts with a
discussion on the general power dissipation for CMOS and continues with the power dissipa-
tion in the digital part, and power dissipation in the analog part. The part about the general
power dissipation is based on [10]. The part about the power dissipation in the digital part is
based on [3, 6, 10, 14]. The part about the power dissipation in the analog part is based on [2,
12, 13]. 

3.1 General Power Dissipation for CMOS
There are both theoretical and practical low power design limitations. They are [10]

• fundamental,
• material,
• device,
• circuit, and
• system limits. 

The fundamental limitations are independent of materials, devices, and circuits. These limita-
tions are from e.g., thermodynamics, electromagnetics, and quantum mechanics. The quantum
theoretical limit comes from Heisenbergs uncertainty principle. The material limitations are
independent of the devices. There are four major limitations due to the material. They are the
carrier mobility, the carrier saturation velocity, the self-ionization electric field strength, and
the thermal conductivity. The device limitations are independent of the circuits. The most
important device limit is the minimum effective channel length, , of the MOS transistor.
Circuit limitations are independent of the architecture. There are four principal circuit level
limitations. The limit is dependent on the minimum supply voltage. The supply voltage is
dependent on the threshold voltage. In order to separate a high level, 1, from a low level, 0.
System limitations depend on all the others listed above. Things to consider in a system are
the architecture, the power-delay product, the heat removal, the clock frequency and the phys-
ical size. The practical limitations are, e.g, the cost of the design, manufacturing, testability,
and the number of transistors per chip. 

3.2 Power Dissipation in the Digital Part
This section presents the power dissipation for digital circuits. The gate capacitance is impor-
tant for the power dissipation in the digital part, and in this section it is explained how the gate
capacitance affects the power dissipation. Also discussed is how the power dissipation can be
minimized using pipelining or parallelism. 

The power dissipation in the digital part is described by Eq. (3.1) [6].

(3.1)

Lmin

Pdigital a– vg Pswitching Pshort circuit– Pleakage+ +=
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16 CMOS Power Dissipation
If the circuit is well designed the power dissipation from switching is the dominant term. The
power dissipation from the short-circuit and from leakage is hard to decrease, while the power
dissipation from switching can be decreased more easily. Power dissipation from switching is
described according to Eq. (3.2).

(3.2)

is the total power dissipation due to switching,  is the switching activity,  is
the average capacitive load,  is the supply voltage, and  is the clock frequency.
Reducing the power dissipation can be done by lowering the supply voltage, the clock fre-
quency, the load capacitance, and/or the switching activity. The power dissipation due to short
circuit current can be calculated with Eq. (3.3). 

(3.3)

The short circuit current  is due to the direct-path, between the supply voltage to ground,
which appears when both NMOS and PMOS transistors are active at the same time. Eq. (3.4)
shows how the power dissipation due to the leakage is calculated. 

(3.4)

 is determined by the fabrication technology considerations and it can arise from the
substrate injection and effects from the subthreshold voltage. 

The considerations for low power dissipation in the digital part are listed below [10]

• Using the lowest possible supply voltage.
• Using the smallest geometry, highest frequency devices but operating them at the lowest 

possible frequency. 
• Using parallelism and pipelining to lower the required frequency of operation. 
• Power management by disconnecting the power source when the system is idle. 

3.2.1 Measures of Power Dissipation in the Digital Part 
The power-delay product and propagation delay is some important measures related to the
power dissipation in the digital part. 

Power-Delay Product, PDP
The power dissipation and the propagation delay of a gate, e.g., a NOR or a NAND, are
related. The propagation delay is determined by the speed at which an amount of energy can
be stored in the gate capacitor. Faster energy transfer gives faster gates. For a specific technol-
ogy and gate, the product of power dissipation and propagation delay of a gate is constant.
This is called the power-delay product, PDP. It corresponds to the energy consumed by the
gate per switching event for a static CMOS circuit [3] 

(3.5)

where  is the load capacitance and  is the supply voltage. If we have a NOR-gate in a
1.2 m process, running at a clock frequency of 100 MHz with a load capacitance of 30 fF,
and a supply voltage of 5 V, the power dissipation will be 75 mW. If we use e.g., 200,000
gates in a design the total power dissipation will be 15 W[3]. 

Pswitching α CL fclk VDD
2⋅ ⋅ ⋅≈

Pswitching α CL
VDD fclk

Pshort circuit– Isc VDD⋅=

Isc

Pleakage Ileakage VDD⋅=

Ileakage

PDP CL VDD
2⋅=

CL VDD
µ
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CMOS Power Dissipation 17
Propagation Delay 
The propagation delay, , describes how fast a gate e.g., a NOR or a NAND, changes its out-
put after a change at the input. The propagation delay is the delay experienced by a signal
when passing through a gate [3].

There are two different delays, one propagation delay for a change at the input from high, 1,
to low, 0, , and another delay when the input is changed from low, 0, to high, 1, .
The propagation delay is the time measured from when the input signal has changed with 50%
of the maximum value to when the output signal has changed to 50%. The overall propagation
delay is the average of these two, calculated according to Eq. (3.6) [3].

(3.6)

Fig. 3.1 shows how the propagation delay is measured. 

Short-Circuit Currents in Static CMOS
Static CMOS has the property that the output of the gate, such as a NAND and a NOR, is
always a logical function of the inputs. The signal is always available on the outputs of the
gate no matter of the time [12]. Fig. 3.2 shows a static CMOS inverter, where  is the sup-
ply voltage,  is the input voltage,  is the output voltage, and  is the load capaci-
tance. The upper transistor is a PMOS and the lower transistor is an NMOS. If the load
capacitance, , is large, around 10-100 pF, the rise/fall time at the output is larger than the
rise/fall time at the input. The short-circuit current from source to drain at the PMOS transis-
tor is almost zero. This slows the circuit down and it can cause short-circuit currents in the
fan-out gates. Fan-out is defined as the number of gates that are connected to the output of the
driving gate [3]. 

If instead the load capacitance is small, around 10 -100 fF, the rise/fall time at the output
becomes smaller than the rise/fall time on the input. This results in that the short-circuit cur-

p

Figure 3.1 Definition of propagation delay [3]. 
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18 CMOS Power Dissipation
rent becomes large. One has to consider what is more important, the speed of the circuit or the
short-circuit currents. 

These considerations can be summarized with 

“The power dissipation due to short-circuit currents is minimized by matching the rise/fall
times of the input and the output signals. At the overall circuit level, this means that rise/fall
times of all signals should be kept constant within a range” [3]. 

The optimal solution for low power dissipation is not to have the same input rise/fall time as
the same output rise/fall time for the gates. But the overall short-circuit currents in the circuit
are kept at acceptable values if they are identical. 

3.2.2 Minimizing the Power Dissipation in the Digital Part 
There are different ways to reduce the power dissipation. If the glitching and leakage is low,
and the frequency is kept at a constant value, there are generally only two ways to reduce the
power dissipation, reducing the supply voltage and/or reducing the effective capacitance. The
most effective is to reduce the supply voltage, . The supply voltage has a large influence
because it is in quadratic form. By reducing the supply voltage we get a loss in speed and the
power-delay product increases. We also get a performance loss when  approaches the
threshold voltage . This means that we also have to lower the threshold voltage to lower
the power dissipation. To avoid the loss in performance, the logic and the architectures can be
improved, using e.g., parallelism and pipelining.

The other way of reducing the power dissipation is to reduce the effective capacitance [3].
The effective capacitance can be expressed as in Eq. (3.7).

 (3.7)

The effective capacitance is a product of the physical capacitance and the switching activity.
Hence, lowering the effective capacitance can be done by reducing either the physical capaci-
tance and/or reducing the switching activity [3].

Figure 3.2 A static CMOS inverter [3].
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Reducing the Supply Voltage by using Parallelism 
Fig. 3.3 shows a ordinary data path. The data path consist of an adder and a comparator. To
lower the power dissipation one can use parallelized data paths or pipelined data paths. If one
uses parallelized or pipelined data paths the supply voltage can be lowered. Lowering the sup-
ply voltage will result in a decrease in the power dissipation calculated as in Eq. (3.2). How
much the supply voltage can be reduced is shown in Fig. 3.1.  

In Fig. 3.4 a parallelized data path is shown. When using parallel data transfer the upper half
in the figure takes care of half of the data and the lower half takes care of the other half of the
data. This is accomplished because they do not operate on the same input data. This is illus-
trated in the figure as the is working at  and the lower half operates at . The
major advantage of parallelism is that the speed is high. One of the disadvantages of parallel-
ism is that it takes double as large chip area, and extra place for the overhead. Parallelism is
therefore not useful when the chip area need to be as small as possible. However, it is useful
when the power dissipation has the highest priority [10]. 

Reducing the Supply Voltage using Pipelining 
We can use pipelining to reduce the supply voltage. If the supply voltage is reduced, the total
power dissipation decreases. The pipelined data path has an extra register. This allows the
adder to be slower. One of the advantages of using pipelining over parallelism is that the chip
area is smaller than the area for parallel architectures. One disadvantage is that the speed is
lower. 

A pipelined data path is shown in Fig. 3.5. The figure shows an extra register compared to the
parallel data path. It is probably best to use a combination of parallelism and pipelining to
achieve lower power dissipation [10]. 

Figure 3.3 Ordinary data path. 
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20 CMOS Power Dissipation
Power Dissipation for Data Paths
In [6, 14] the power dissipation for data paths, ordinary, parallel and pipelined is calculated.
The power dissipation for the data paths can be calculated as

(3.8)

where  is the power dissipation,  is the effective capacitance,  is the supply voltage, and

Figure 3.4 Parallel data path [10].

Figure 3.5 Pipelined data path [10]. 
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 is the clock frequency. 

(3.9)

(3.10)

 (3.11)

The values from the equations above are taken from [6, 14]. In Eq. (3.9) it can be seen that the
capacitance for power dissipation for parallel data paths is not scaled down proportionately.
Reducing the supply voltage from 5 V to 2.9 V yields a 0.58 times lower value. The capaci-
tance increases by a factor of 2.15 and the frequency is half. This gives us a value of the
power dissipation for parallel data at only 36% of the ordinary value, as is shown in Eq. (3.9).
In Eq. (3.10) the power dissipation for pipelined data paths is shown. For pipeline data paths
the supply voltage is also lowered from 5 V to 2.9 V. Here the capacitor is only increased to
1.15 C and the frequency is kept at a constant value. This gives the power dissipation for pipe-
lined data to 39% of the ordinary value [10]. 

Table 3.1 shows a comparison of the supply voltage, the area, and the power dissipation for
simple, pipelined, parallel, and pipelined + parallel data paths [14].  

3.3 Power Dissipation in the Analog Part
Analog signals are more sensitive to noise than digital signals. The power dissipation in the
analog part depends on how much noise influences on the circuit. If much noise influences the
circuit, the signal will not reach the SNR level. 

3.3.1 Fundamentals of Noise 
Analog circuits experience two different kinds of noise, the noise from surroundings and the
noise from electronic devices. The noise from the surroundings can be, e.g., self-inductance. It
is hard to know how the circuits will be influenced by noise from its surroundings, because it
is not known exactly in what application the circuits are used. The noise explained in this sec-
tion is the noise from the electronic devices.

Noise is one of the limitations on how small signal levels the circuit can manage. The problem
with noise is, that it is hard to predict, even if the history is known. This is because noise is a

Architecture Supply 
Voltage [V] Area Power 

dissipation

Simple 5 1 1

Pipelined 2.9 1.3 0.39

Parallel 2.9 3.4 0.36

Pipelined + 
Parallel 2.0 3.7 0.2

Table 3.1. Data path summary [14]. 

f

Ppar 2,15C( ) 0,58V )2( 0,5( f )⋅ ⋅ 0,36P≈=

Ppipe 1,15C 0,58V2 f⋅ ⋅= 0,39P≈

Ppar pipe+ 2,5C 0,4V2 0,5f⋅ ⋅= 0,2P≈
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22 CMOS Power Dissipation
random process. It is therefore hard to say in what way noise will influence the circuit. To get
an idea of how the noise influences a circuit, the circuit is studied for a long period of time.
This study often gives a rather good apprehension of some of the noise figures. The predicted
average noise value is rather easy to calculate, because it is often the same as the past average
value. The average value of noise is often assumed to be zero. This assumption simplifies
many expressions and definitions. The noise amplitude is harder to predict. The amplitude
depends at, e.g., what kind of disturbance we have and how far we are from the source of dis-
turbance [13]. 

3.3.2 Different Types of Noise
The total noise from a circuit consists of several different types of noise. The most common
noise types are thermal noise, flicker noise and quantization noise. 

White Noise/Thermal Noise 
Noise is defined as white if the spectral density is constant over a given frequency. The white
noise is common and exists in, e.g., resistors and transistors. The white noise in a resistor or
transistor, etc., is called thermal noise. 

The thermal noise in resistors occurs because the electrons in a conductor have random
motions and this gives differences in the measured voltage. Because the electrons move
around more if the temperature is higher, the thermal noise in a resistor depends on the abso-
lute temperature [13]. A model of thermal noise, the voltage, and the current thermal noise are
shown in Table 3.2. Thermal noise does also occur in a MOS transistor. The noise comes from
the transistor channel. A model of the noise in a MOS transistor, and the expressions, are also
shown in Table 3.2.

Flicker Noise 
Flicker noise is also referred to as 1/f noise or pink noise. The spectral density for flicker
noise is inversely proportional to the frequency, according to Eq. (3.12), where  is a con-
stant. Unlike thermal noise the average value of flicker noise can not easily be predicted [2]. 

(3.12)

A model of the flicker noise for a MOS transistor is shown in Table 3.2. The inverse depen-
dence on ,  is the width of the transistor and  is the length of the transistor, for the
voltage source is shown in the table. This means that the noise becomes smaller if the area,

, increases. This is one of the reasons that some low-power devices has a rather large area,
around some thousand square microns. The PMOS transistor is less susceptible to flicker
noise than the NMOS transistor [13]. 

The flicker noise is dominating for low frequencies and the thermal noise is dominating for
high frequencies. The corner frequency, i.e., the frequency where the thermal noise starts to be
dominating, can be calculated as 

(3.13)

where  is Boltzmanns constant,  is the temperature in degrees Kelvin,  is a constant that
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is dependent on device characteristics and is varying a lot for different devices in the same
process.  is the width of the transistor,  is the length of the transistor,  is the gate
capacitance per unit area, and  is the transistor transconductance [13].

3.3.3 Noise Models 
Table 3.2 shows the voltage and current noise models for resistors and MOS transistors. The
noise models includes the thermal noise, the shot noise, and the flicker noise.

The models that are most appropriate to use in our case are the current noise model for the
resistor and the voltage noise model for the MOS transistor. This is due to the fact that the
current noise model for the MOS is simple, and it works only for low and moderate frequen-
cies, and we are interested in the current for the resistor because we are using a current-steer-
ing DAC [2]. 

3.3.4 Mixed-Signal Layout Considerations for Low Noise
It is not only the design that is important for the power dissipation, even the circuit layout
influences on the power dissipation. This section presents some considerations for low noise. 

As mentioned before, analog signals are more sensitive to noise than digital signals. Some
analog circuits can be disturbed by digital circuits. It is therefore important to keep them apart
on the chip. The layout considerations are, in order of priority, floorplanning, power supply
and ground considerations, guard rings, shields and interconnect considerations. That means
that floorplanning reduces noise more than, e.g., shields. These terms are going to be more
discussed below [12]. 

Element Voltage noise model Current noise model

Resistor Noiseless voltage model
Noiseless current model

MOS

Noiseless voltage model Noiseless current model

Simplified model

Table 3.2. Circuit elements and their noise models [2]. 
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24 CMOS Power Dissipation
Using floorplanning to reduce noise means that the analog and digital parts are kept separated.
The most sensitive analog parts are kept as far apart as possible from the digital outputs. Close
to the sensitive analog parts, the medium-swing analog parts are kept, and close to them, the
high-swing analog parts. Low-level signals and high impedance nodes are considered to be
sensitive analog parts, comparators are an example of an high-swing analog part. Close to the
digital output drivers, the high-speed digital parts should be kept, and next to them, the low-
speed digital parts. An example of a floorplan is shown in Fig. 3.6 [12]. 

The digital circuit can disturb the sensitive analog circuits if they use the same die for power
supply and ground. To avoid this we can use different pads or different input/output, I/O pins,
for the analog and digital circuits. The disadvantage of using different pads and I/O pins is
that the chip area increases. If using separate pins they should be connected because it is not
preferred to use separate power supplies for the analog and the digital circuits, because they
may not be powered up at the same time. If the power supplies not are powered up simulta-
neously there could be a latch up problem. Latch up is further described below [12]. 

Guard rings are often used in mixed signal environment. The sensitive analog circuits should
be in a separate well and surrounded by guard rings connected to . 

Shields are sometimes used when a digital signal is crossing an analog signal. One can avoid
noise disturbance if one use a shield between the analog and the digital signal. The shield is a
metal layer connected to ground. In Fig. 3.7 the analog signal that lies underneath the others is
in poly, the metal shield is in metal 1 and the digital signal is in metal 2.

Parallel analog and digital signals should also be avoided if possible. One way to solve this
problem is to use a dummy metal strip connected to analog ground between the analog and
the digital signals [12].

Figure 3.6 Example of a mixed-signal floorplan [12].

Figure 3.7 Shield to protect analog signals from disturbance from digital signals [12].
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Other interconnect considerations for lower noise are listed below

• Minimize the lengths of current carrying paths in the analog part.
• Use contacts when changing layers.
• Avoid using poly as a current carrying signal. 
• Use poly to route high-impedance gate nodes that carry virtually no current.

Latch-up can occur when a bipolar transistor structure appears as a parasitic phenomenon in
CMOS processes. This was a large problem in the first generations of MOS technology.
Latch-up occurs when currents and voltages in large substrates or wells drop. Fig. 3.8 shows
the cross-section of the CMOS inverter. In the figure you can see the parasitic bipolar transis-
tors,  and , where  is a parasitic  device and  is a parasitic  device. 
and  are parasitic resistances.  and  are the CMOS transistors. You can see that the
bases of the bipolar transistors are connected to the collector on the other transistor. If the loop
gain is larger or equal to unity, there is a positive feedback loop in the bipolar transistors. If
the voltage in  rises, the collector current in  increases, the voltage in  falls, and the
collector current in transistor  increases, and that leads to that the voltage in  rises even
further and so on. Eventually both transistors turn on. When the bipolar transistors turn on
they draw a large current from . This phenomena is called latch-up.  

In Fig. 3.9, the equivalent circuit of the bipolar structure in CMOS is shown. The resistors
shown are parasitic resistances from the doped substrate and the wells. In (a) the voltages
before latch-up are shown, and in (b) the voltages after latch-up are shown. As you can see the
supply voltage, , drops from 5 V to 0.9 V, due to the short-circuit effect.  

There are several ways to prevent latch-up. One way is to keep the loop-gain less than unity.
This is done by decreasing the parasitic resistance. The parasitic resistance is decreased using
low-impedance paths between the substrate and well to the power supplies. This is done by
using many substrate contacts. 

Another way to prevent latch-up is to use an epitaxial process. This means that you have an
extra layer. The process is more expensive than an ordinary, but it is a good alternative if the
problem with latch-up is large [13,2]. 

Figure 3.8 Cross-section of the CMOS inverter. The bipolar transistors result in latch-up [13].
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.
(a) (b)

Figure 3.9 (a) The equivalent circuit of the bipolar structure in CMOS before latch-up, and (b) after 
latch-up [2].
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4 Case Study
In this section the results from the a case study are presented. The case study consists of three
parts. In the first part, the DACs available on the market that match some listed demands are
studied. Then the power dissipation in the digital part of the current-steering DAC is modelled
and simulated in Cadence and MATLAB. Then the modelling of the power dissipation in the
analog part is presented. The total power dissipation is finally given. 

4.1 Market Study of DACs
The case study starts with a market study of the available DACs. This is done in order to get
an idea of how many, and what kind of DACs that currently exist on the market today.
Another reason is to get an idea of the total power dissipation for a DAC at a certain updating
frequency that can be compared with the simulated DACs in Cadence and MATLAB. The
requirements of the DACs are 

• Only DACs in CMOS technology. 
• DACs with 14-bits. 
• Suitable for xDSL or telecommunication applications. 
• A high speed data transfer, minimum 10 MSp/s.
• A supply voltage at minimum 2.5 V and maximum at 5 V. 
• No codec DACs, i.e., both DAC and ADC on the same chip. 
• No oversampling DACs. 

Internet and data bases, mostly IEEE, have been searched for data sheets. The approved
DACs are: 

1. AD9764 from Analog devices [22].
2. DAC14135 from National Semiconductor [23].
3. DAC2904 Burr-Brown products from Texas Instruments [24].
4. DAC904 Burr-Brown products from Texas Instruments [25].
5. HI5960 from Intersil [26].
6. ISL5961 from Intersil [27].
7. AD9744 from Analog devices [28].
8. AD9755 from Analog devices [29].
9. AD9754 from Analog devices [30].
10. THS5671 from Texas Instruments [31].

The updating frequency, the power dissipation, the supply voltage, the output current, the
power dissipation vs. the updating frequency, and the clock frequency for the above listed
DACs are summarized in Table 7.1. 

The diagram in Fig. 4.1 shows the power dissipation vs. the updating frequency. The most
interesting DACs are those who have the lowest quotient between the power dissipation and
the updating frequency. The output current, , should be 20 mA instead of 2 mA, to give a
higher data rate. The output current is not shown in the diagram, but all the parameters are
given in Table 7.1. The conclusions from the diagram are that no 5 (HI5960) and no 6
(ISL5961) have the lowest and no 3 (DAC2904) has the largest value of power dissipation. 

Iout
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Unfortunately no 7 (AD9744) the technical data is only preliminary and not all data is
included in the data sheet. Therefore, it is not included in this market study. According to
Analog devices homepage [1] no 1 (AD9764) is the first generation DACs from Analog
devices, no 9 (AD9754) is the second generation and no 7 (AD9744) is the third generation.

Three DACs, no 3 (DAC2904), no 4 (DAC904), and no 7 (AD9744) have a power-down
mode. This means that the DACs only use a small amount of power when it is in sleep mode,
i.e., when no data is processed. The power down mode is not useful for xDSL applications, so
the DACs using power-down mode are not better rated than the others.

4.2 Thermometer Coded Current-Steering DAC
This section presents a specific DAC suitable for telecommunication. As imentioned in Sec.
2.3, a thermometer coded current-steering DAC is suitable for telecommunication applica-
tions. This specific DAC is designed by my supervisors, Niklas Andersson and Ola Anders-
son, at Ericsson Microelectronics in Linköping. 

It is a 14-bit DAC for ADSL. It has a segmented architecture, where the 7 LSBs are thermom-
eter coded and the 7 MSBs are also thermometer coded. The 7 LSB and the 7 MSB are binary
weighted. A decoder is used to convert the binary code into thermometer code. This operation
is further described below. Because it is current-steering, many current sources are used. The
current sources are switched to give the correct output value. A switched current source is
shown in Fig. 4.2 (a). Fig. 4.2 (b) shows how the current source and the switches can be
implemented using three transistors. The switches in Fig. 4.2 (a) must be controlled so that
they are not both open or closed at the same time. This is done by using a non-overlapping

Figure 4.1 Power dissipation vs. updating frequency.
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clock. 

Table 4.1 shows the decimal, , the binary, , and the thermometer code, , for 3 bits. The
binary code is converted into thermometer code by a decoder. As we can see in Table 4.1 the
values of  is equal to the values of . If you take  (OR) we will get  and if we
take  (AND) we will get . The thermometer code can therefore be converted from
the binary by using an OR-gate and an AND-gate, as is shown in Fig. 4.3.  and  are the
binary inputs and  are the thermometer-coded outputs. This is called a 2-to-3 bit
decoder, because two binary inputs will give three thermometer coded outputs. The 3-to-7 bit
decoder is shown in Fig. 4.4, where the 2-to-3 bit decoder is presented as a box in Fig. 4.4.
Fig. 4.5 shows an  to  decoder, where  is the number of bits. For the specific DAC
two 7-to-127 bit decoders are used. This size of the decoder can be selected in a number of
other ways as well. For WLAN applications two 5-to-31-bit are used. The decoders used for
xDSL applications are 7-to-127, consisting of the lower, 6-to-63 bit, 5-to-31 bit, 4-to-15 bit,
3-to-7 bit, and 2-to-3 bit decoder as a box.  

The gates used are actually NOR and NAND gates, and therefore thermometer coded outputs
, , and  are inverted after passing through the gates.  

(a) å

(b)

Figure 4.2 (a) switches, (b) schematics. 

0 0 0 0 0 0 

1 0 1 0 0 1

2 1 0 0 1 1

3 1 1 1 1 1

Table 4.1. Decimal, binary, and thermometer code for 3-bit. 
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Figure 4.3 An 2-to-3 bit decoder.

Figure 4.4 An 3-to-7 decoder.

Figure 4.5 N-to-2N+1-1 decoder. 
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4.3 Power Dissipation in the Digital Part 
The power dissipation in the digital part can be calculated according to Sec. 3.2, and is
repeated in Eq. (4.1) for convenience.

(4.1)

Here, the power dissipation from switching is the one that we will consider. The expression
for this term is repeated in Eq. (4.2). These equations are also valid for the digital part of a
current-steering DAC.

(4.2)

To calculate the power dissipation in the digital part we must find the switching activity, ,
the average load capacitance, , and the clock frequency, . The supply voltage,

 V, is the same for both xDSL and WLAN. The supply voltage of the digital part
and the supply voltage of the analog part is not the same. 

The unknown variables to determine is 

• the switching activity, ,
• the average load capacitance, , and
• the clock frequency, . 

We start by determine the switching activity, . Then the average load capacitance, , is
determined from the gate capacitance, . 

4.3.1 Switching Activity
MATLAB is used to determine the switching activity. To determine the switching activity in
each node, a 255-bit long vector is needed, since the number of nodes are 255. We start by
evaluating the 3-bit thermometer code from the 2-bit binary, and then continue until the 127-
bit thermometer code from the 7-bit binary code. The thermometer code is produced by using
AND, OR, and NOT gates. The gate expression can be reduced to a rather simple MATLAB
expression, how this is done is shown in the figures in Sec. 4.2.

To evaluate the value of the switching activity, , the new value is compared with the old
value in all nodes. The sum of the number of changes, from the new value compared with the
old value, is then divided with the length of the vector minus one, that corresponds to the
maximal number of switches. The value of the switching activity lies between 0 and . 

The simulation results of the switching activity is shown in Fig. 4.6 and in Fig. 4.7. Fig. 4.6
shows the power dissipation vs. the clock frequency. The different lines are used for different
number of bits. The number of bits, , is kept at a constant value for each line.
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Fig. 4.7 shows the power dissipation vs. the number of bits, . The clock frequency is kept at
a constant value for each line. 

Figure 4.6 Power dissipation vs. fclk.

Figure 4.7 Power dissipation vs. N.
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4.3.2 Load Capacitance
After estimation of the switching activity the average load capacitance, , is estimated. This
is also done with MATLAB. Eq. (4.3) shows how the load capacitance, , is evaluated. This
equation is determined by 

(4.3)

where  is the gate capacitance, e.g, for an NOR or an NAND gate, and  is
the capacitance due to the connectivity. These two capacitances are determined below. 

4.3.3 Gate Capacitance
To be able to calculate the load capacitance, the gate capacitance must be determined. The
gate capacitance is parasitic. Cadence is used to simulate values of the gate capacitance for a
NAND-gate and a NOR-gate. The parasitic capacitances in a transistor need to be rather
small, since they influence the speed of the circuit. The smaller capacitors and larger current,
the faster circuit. 

Fig. 4.8 shows the different parasitic capacitances in an ordinary MOS transistor. There is
capacitance between gate (G)-drain (D), gate-source (S), drain-bulk (B), source-bulk and
gate-bulk. 

The capacitances , , and  can be approximated with one capacitance called 
( ), where . This capacitance can be calculated as in Eq. (4.4)
below. 

(4.4)

 is the transistors width,  is the transistors length,  for silicon oxide is ,
where , and  is the thickness of the isolator between the plates [8]. 

Fig. 4.9 shows the test bench for estimating gate capacitance in Cadence. The figure shows a
NAND-gate. For measuring a NOR-gate the same test bench is used. In both cases the test
signal is connected at both the gate-inputs, which is therefore working as an inverter. 

Figure 4.8 Capacitances in a MOS transistor [8]. 
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In the figure,  is the direct current, DC, voltage,  is the output voltage and  is the
input voltage. The value of the capacitor, , is around 10 fF and the value of the resistor, ,
is around 50 . 

DC Response
The following simulations has been performed for both NAND and NOR-gates. However,
since the simulations are the same for both the circuits, only the results from the NAND-gate
are presented. 

To calculate the gate capacitance, the direct current voltage , the output voltage, , and
the input voltage, , must be known. Eq. (4.5) shows the relationship between the fre-
quency, the resistance, and the gate capacitance. Using this equation it is easy to estimate the
gate capacitance value. This expression is shown in Eq. (4.6). 

(4.5)

(4.6)

To estimate C, the frequency, , is needed. To decide the frequency, one first has to know the
DC level. The DC level is measured from a DC sweep in Cadence. Both the PMOS and the
NMOS transistors are in the saturation region when the output voltage is half the supply volt-
age, i.e.,  V. Fig. 4.10 shows the DC response for the NAND-gate. At

 V, i.e., both NMOS and PMOS-transistors are on when the input voltage is
 V. For the NOR-gate the input voltage is  V when the output voltage

is  V. 

The lower value of the input voltage for the NOR-gate compared to the NAND-gate can be
explained by the fact that the width of the transistors in the NOR-gate is different from the
NAND-gate. 

Figure 4.9 How to evaluate the capacitance. 
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AC Response
An alternating current, AC, response is swept to get the 3 dB frequency. The j -method is
used to calculate the output voltage. Eq. (4.7) shows the relationship between the input volt-
age and the output voltage. Eq. (4.8) shows what happens when . 

(4.7)

(4.8)

When , both the PMOS and NMOS-transistors are in saturation region. The fig-
ure below is done by a parametric sweep. In this case this means that the value of the resis-
tance varies from 2 M  to 10 M  within six steps. By using parametric sweep the number
of simulations are reduced, but instead the time for each simulation to finish is increased. Fig.
4.11 shows the AC response for a NAND-gate.  

In Table 4.2 the capacitance for different frequency and resistor values for a NAND-gate are
shown. The table shows that the gate capacitance value for a NAND-gate is about 66 fF. In
Table 4.3 the gate capacitance value for different frequencies and resistance values for a
NOR-gate are shown. The gate capacitance value for a NOR-gate is around 82 fF. If this value
is compared with the value for a NAND-gate, we can see that the gate capacitance for a NOR-
gate is larger. This is because the width of the transistors differs from the NAND-gate to the
NOR-gate. 

Figure 4.10 DC Response for a NAND.
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Figure 4.11 AC Response for a NAND-gate. 

R [ ] Frequency [ ] Capacitance [ ]

10 242.23 65.70

8 301.29 66.03

6 402.71 65.86

4 603.01 65.98

2 1207.23 65.91

Table 4.2. Frequency and capacitance value for different resistance of a NAND-gate.

R [ ] Frequency [ Capacitance [ ]

10 194.73 81.72

8 242.10 82.17

6 324.32 81.78

4 485.00 82.01

2 971.11 81.90

Table 4.3. Frequency and capacitance values for different resistances of a NOR-gate.
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Eq. (4.9) shows the average of the gate capacitances from the NAND and the NOR-gates.

(4.9)

The value used to calculate the load capacitance is therefore 74 fF. 

4.3.4 Connectivity Capacitance
Eq. (4.10) shows how the connectivity capacitance is evaluated. The binary structure gives
that the length of the wires is divided by two for each layer. This equation is determined
empirically. 

(4.10)

 is the number of binary bits for a decoder. For xDSL applications the value of  goes from
1 to 7 depending on the decoder. For WLAN applications  ranges from 1 to 5 depending on
the decoder.  is the total number of binary bits, i.e., 7 bits for xDSL applications, and 5
bits for WLAN applications. 

4.3.5 Power Dissipation of an N-bit Decoder 
Fig. 4.12 shows the power dissipation vs. the supply voltage. The predicted values from the
MATLAB model (dashed) and the simulated values from Cadence (solid), are plotted for dif-
ferent decoders from  to . The supply voltage is varied from 0.5 - 2.5 V in steps
of 0.1 V. The clock frequency is 100 MHz, and the input signal is random. This means that the
figure is only valid for VDSL and WLAN, because ADSL has a clock frequency of 10 MHz. 

The difference between the solid and the dotted curves is due to the short-circuit currents like
the ones described in Sec. 3.2.1. They are included in the simulations from Cadence, but are
hard to predict and they are not modelled in MATLAB. The difference between the curves
becomes larger the more gates that are used.

In Table 4.4 the power dissipation from Cadence and MATLAB are shown, when the supply
voltage is 2.5 V. The difference between the results from Cadence and MATLAB and the rela-
tive error in percent is also shown in the table. For ADSL only the power dissipation has been
determined. The lowest row is for ADSL applications, i.e., when the clock frequency is 10
MHz. 

It can bee seen that the curve from Cadence for the 7-to-127 decoder acts a bit strange for
lower values of the supply voltage than 0.8 V. This is because the decoder does not work
under those conditions. 
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4.3.6 Total Power Dissipation in the Digital Part
Table 4.5 shows the total power dissipation for ADSL, VDSL, and WLAN. The values are
based on using two 7-to-127 decoders for xDSL applications, and two 5-to-31 decoders for
WLAN applications.

Figure 4.12 Power dissipation vs. supply voltage. 

Decoder Cadence [ ]
Matlab
[ ]

Difference between 
MATLAB and 
Cadence [ ]

Relative error

2-to-3 40.0 39.9 0.012 0.03%

3-to-7 105.8 105.7 0.012 0.01%

4-to-15 244.8 244.7 20 0.0086%

5-to-31 554.4 544.3 45 0.0083%

6-to-63 1200 1199.8 140 0.012%

7-to-127 2664 2663.5 520 0.020% 

7-to-127 2132

Table 4.4. Difference between MATLAB and Cadence. 
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4.4 Power Dissipation in the Analog Part
Noise is important for estimating the power dissipation accurately in the analog part. If the
circuit is too noisy the output signal can not be discern. The power dissipation in the analog
part for a current-steering DAC can be modelled as 

% (4.11)

where  is the analog supply voltage, (for these applications it is 2.7 V, not 2.5 V as the
digital supply voltage),  is the number of bits, (14 for ADSL/VDSL and 10 for WLAN). ,
is the current unit source current. The % extra compensates for bias currents and other ana-
log effects.

To calculate the power dissipation in the analog part following unknown variable must be
determined. 

• The unit current source, . 

4.4.1 Quantization Noise 
The quantization noise is specific noise for ADCs and DACs. Quantization errors occur when
a range of input values give the same output. Quantization errors can also occur in ideal
DACs. The noise from the quantization errors, quantization noise or truncation noise as it also
is known as, can be modelled as an additive noise source in order to find a value of the noise
power [2]. Fig. 4.13 shows a model of how to measure the quantization error. 

 is the quantized signal,  is the input signal, and  is the quantization noise. From the
figure we get an expression for , as given in Eq. (4.12). From the expression we can easily

Type
Total Power 

Dissipation in the 
Digital Part [ ]

ADSL 4264

VDSL 5328

WLAN 2400

Table 4.5. Overview of the total power dissipation in the digital part. 

Figure 4.13 How to measure the quantization noise [2]. 
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get an expression for , given in Eq. (4.13). Eq. (4.13) shows that the quantized signal can
be modelled as the input signal, plus the quantized noise signal [2]. 

(4.12)

(4.13)

In Eq. (4.14) the voltage rms value for a quantization noise signal is shown.

(4.14)

Instead of knowing the voltage rms value it is more interesting to know the power value of the
quantization noise. This value is evaluated from Eq. (4.14) by subtracting the offset value [2].

The DACs resolution depends on how much noise there is in the circuit. If the circuit is too
noisy the resolution will become lower. 

4.4.2 SNR for DACs 
For DACs it is important that the SNR value is larger than the quantization noise. How the
quantization noise is calculated was shown in the previous section, and in this section we will
show how the SNR value is calculated. Eq. (4.15) shows how the SNR value is evaluated
from e.g, Eq. (4.14).

 (4.15)

 is the number of bits. We will get Eq. (4.16) from Eq. (4.15), which shows SNR from the
quantization noise. 

dB (4.16)

The SNR value for a DAC can also be calculated considering the thermal noise according to
Eq. (4.17). The SNR due to the thermal noise must always be larger than the SNR value from
the quantization error. 

, (4.17)

where

 (4.18)

is the noise from the AC amplitude,  is , and the thermal noise in the resistors is 
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(4.19)

and the thermal noise in the transistors, , can be modelled as shown in Sec. 3.3.3. The
resulting expression can be written as 

(4.20)

where  is Boltzmanns constant,  is the absolute temperature,  is the small-signal
transconductance of the source transistor,  is the transconductance parameter,  is the unit
current source size, and  is the bandwidth [7]. 

 is given by [17]

(4.21)

where  is the width of the transistor, m,  is the length of the transistor, m.  is a
process dependent constant different also for NMOS and PMOS, given by equation Eq. (4.22)
below,

(4.22)

where  is the surface mobility of the transistor channel. The value differs from NMOS to
PMOS. The gate capacitance per unit area, , is given by [2] 

 (4.23)

where  is the permittivity in vacuum,  F/m,  is the relative permittivity,
e.g., for , and  is the thickness of the thin oxide under the gate. 

Table 4.6 shows an overview of the used units. 

4.4.3 Unit Current vs. Temperature
The unit current is depending on the temperature and the width of the transistors. MATLAB is
used to calculate the unit current source for different temperatures. As we can see Eq. (4.18)
and Eq. (4.20) contains the unit current, . If the unit current is estimated, we will see that

Parameter Value

Bandwidth 
1,104  ADSL
11,04  VDSL
11,04  WLAN

Transistor Width 10 

Transistor Length 2 

Table 4.6. Overview of used units. 
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42 Case Study
the unknown variables are the temperature, and the transistor width. The bandwidth and the
resistance are given.

The size of the unit current is different for NMOS and PMOS transistors. Table 4.7 shows the
unit current vs. the temperature for ADSL, VDSL, and WLAN. The temperature varies from
300 Kelvin to 350 Kelvin. Because the noise from the resistances is dominating the difference
between the NMOS and PMOS transistor will be neglected. 

4.4.4 Noise
Many different kinds of noise are influencing the circuit, the thermal noise in the resistors, the
thermal noise in the transistors, and the quantization noise. Cadence was used to determine
how large the noise in the equivalent circuit is.

As mentioned before the SNR value with respect to the thermal noise must be larger than the
quantization noise as is shown in Eq. (4.24) [7]. 

 dB (4.24)

Where  is the number of bits. The SNR value for the thermal noise is calculated as 

(4.25)

This noise value can be measured from Cadence. A current mirror is used to model the whole
analog part of the converter. The model is shown in Fig. 4.14. The variable factor is the mirror
ratio, and  is the number of bits. The values of the width, length and the multiplier for the
transistors are also shown. From the model you can simulate the noise value over different
bandwidths in Cadence.  

T [K] ADSL [ A] VDSL [ A] WLAN

300 0.066 0.209 0.209

310 0.067 0.213 0.213

320 0.068 0.216 0.216

330 0.069 0.220 0.220

340 0.071 0.222 0.222

350 0.072 0.226 0.226

Table 4.7. Unit current vs. temperature for ADSL, VDSL, and WLAN. 
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The noise from the AC amplitude is calculated as 

(4.26)

where  is given in Eq. (4.27) below.  is the number of bits and  is the unit current
source, which is the unknown variable.  is from the resistance in the mirror above. 

(4.27)

4.4.5 Total Power Dissipation in the Analog Part
Simulation results from Cadence over the minimum value of the unit current source, , are
shown in Table 4.8. If the unit current is decreased, the power dissipation will be reduced as
well. As can be seen in the table it is almost possible to lower the unit current for ADSL down
towards A. 

These values should be compared with the values from MATLAB in Table 4.7. As can be
seen, the values calculated in MATLAB agrees well with the values from Cadence.

The current-steering DAC designed at Ericsson Microelectronics AB design center in
Linköping, has currently a theoretical power dissipation in the analog part given by Eq.
(4.28). This means that the current used is A. 

mW (4.28)

Figure 4.14 Current mirror symbolizing the analog part of the DAC. 

Type Number of 
bits 

Bandwidth 
[ ]

Unit Current 
Source [ ]

Power 
Dissipation in 

the Analog 
Part [ ]

ADSL 14 10 0.067 3.5

VDSL 14 100 0.21 11.1

WLAN 10 100 0.21 0.70

Table 4.8. Overview of the unit current source for different types of data transfer. 
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44 Case Study
The measured value of the power dissipation is around 75 mW. This can theoretically be low-
ered to 

mW (4.29)

Today the value of the power dissipation is 64.8 mW, almost 17 higher than the theoretical
minimum value. Hence the power dissipation is far from optimized. 

1,2 2,7 0,067µ 214⋅ ⋅( )⋅ 3,5=
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5 Summary
This section will give a short summary of the power dissipation for a current-steering DAC
for telecommunication applications, the conclusions, and further work. 

5.1 Total Power Dissipation
The total power dissipation for a current-steering DAC consists of the power dissipation in the
digital part added with the power dissipation in the analog part. The total power dissipation
for a current-steering DAC can be calculated as in Eq. (5.1)

(5.1)

5.1.1 Power Dissipation in the Digital Part
The power dissipation in the digital part can be modelled as the power dissipation from the
switching activity, where the power dissipation from switching is the one considered in Eq.
(4.2)

(5.2)

Here,  is the switching activity,  is the average capacitive load, V is the sup-
ply voltage, and  is the clock frequency.

5.1.2 Power Dissipation in the Analog Part 
The total power dissipation for the analog part of a current-steering DAC can be calculated as 

% (5.3)

where the analog supply voltage V.  is the number of bits and  is the unit
current source. 

5.2 Conclusions
Table 5.1 shows an overview of the power dissipation in the digital part, the power dissipation
in the analog part, and the total power dissipation for ADSL, VDSL, and WLAN. 

Type

Power 
Dissipation in 

the Digital 
Part [ ]

Percent of 
total 

Power 
Dissipation in 

the Analog 
Part [ ]

Percent of 
total

Total Power 
Dissipation 

[ ]

ADSL 4.3 55% 3.5 45% 7.8

VDSL 5.3 32% 11.1 68% 16.4

WLAN 2.4 77% 0.7 23% 3.1

Table 5.1. Overview of power dissipation of DACs for telecommunication. 
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46 Summary
As can be seen, the total power dissipation for ADSL is 3.5 mW. The best available DAC on
the market has a power dissipation of 32 mW, which is almost ten times as large as the theo-
retical minimal power dissipation. It is interesting to see how large the power dissipation in
the digital part is, compared with the theoretical minimal total power dissipation. To lower the
power dissipation it could be an idea to use pipelining or parallelism to enable a decrease in
the supply voltage. 

The DAC designed at Ericsson Microelectronics Design Center in Linköping has a measured
power dissipation of 75 mW, and a calculated power dissipation of 68 mW. The difference
between the actual and calculated values comes from the power dissipation from leakage and
short-circuit. It is also possible that some of the power dissipation is due to the pads that are
not included in the equation for the power dissipation in the digital part or that some equip-
ment at the test board will result in higher power dissipation. 

5.3 Further Work 
Further work could be to, e.g., calculate the total power dissipation for a whole ADSL
modem. How many percent of the total power dissipation in an ADSL modem is due to the
DAC? Another interesting topic is to see how decreasing of the power dissipation will effect
the circuit. How much does the speed in the circuit decrease by lowering the power dissipa-
tion? 
Modelling of Power Dissipation in CMOS DACs
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7 Appendix
7.1 Market Study of DACs
This table summarizes the DACs suitable for telecommunication applications. The listed
parameters are the updating frequency, the power dissipation, the power dissipation vs. the
updating frequency, the supply voltage, the output current, and the clock frequency. Some of
the parameters are missing because they are not listed in the data sheets. 

No DAC
upd.freq 

[ ]
Power 
[ ]

Power /
 

 

[ ]

 

[ ]

 

[ ]

1 AD9764 25 133 5.32 5 20 1

100 190 1.9 5 20 40

100 45 0.45 3 2 40

2 DAC14135 135 185 1.3704 5 20 -

100 150 1.5 3.3 20 -

3 DAC2904 25 310 12.4 3.3 20 1

100 347 3.47 3.3 20 40

25 130 5.2 3.3 2 1

4 DAC904 50 170 3.4 5 20 1

50 50 1 3 20 1

5 HI5960 50 150 3 5 20 10

100 180 1.8 5 20 40

130 165 1.2692 5 20 10

100 80 0.8 5 2 40

50 75 1.5 3 20 10

100 87 0.87 3 20 10

130 84 0.6462 3 20 10

100 32 0.32 3 2 40

6 ISL5961 130 103 0.7923 3.3 20 5

200 110 0.55 3.3 20 20

130 45 0.3462 3.3 2 5

Table 7.1. Market study of DACs. 

MSp s⁄ mW MSp s⁄
VDD

V

Iout

mA

fclk

MHz
Modelling of Power Dissipation in CMOS DACs 



50 Appendix
Sofie Jörgensen, Ericsson Microelectronics 2002

7 AD9744

8 AD9755 100 155 1.55 3 20 100

300 216 0.72 3 20 -

9 AD9754 25 185 7.4 5 20 -

10 THS5671 50 175 3.5 5 20 10

No DAC
upd.freq 

[ ]
Power 
[ ]

Power /
 

 

[ ]

 

[ ]

 

[ ]

Table 7.1. Market study of DACs. 
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