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Section 1 Introduction
As transistor feature lengths continue to decrease, and the number of transistors on
a single integrated circuit increases, the electronics industry has become more and more
focused on integrating large analog and digital systems on the same integrated circuit to
create systems‐on‐a‐chip. Data conversion is necessary whenever data is communicated
between the digital and analog blocks in such a system, and the conversion rate and
effective number of bits of the conversion often determines the overall performance of the
system.
Analog integrated systems, especially those that are prototypical, require calibration
to achieve optimum performance. The simplest method to calibrate these analog systems is
use of a pin for each node that must be calibrated. However, this method is undesirable for
several reasons: it increases the number of pins in the package, which increases the cost
and the parasitics associated with the packaging; and it increases the area and therefore the
cost of the die. This method also does not provide a simple way to automate the calibration
process without the use of a complicated test setup involving either another integrated
circuit or several power supplies.
Digital systems have a similar problem: they often use data in a parallel manner.
Supplying a parallel digital stimulus to the chip requires as many pins as the digital bus is
wide. Since digital systems are often 8, 16, 24, or 32 bits wide, a parallel interface is too
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costly in terms of the number of pins that it uses. A serial interface allows an arbitrarily wide
digital stimulus to be applied to the system.
Our senior project group of three students, including myself, has developed a
solution to this problem: an on‐chip serial interface that, when coupled with a digital‐to‐
analog converter (DAC), allows the application of both analog and digital stimuli to the
circuitry under test. The interface is called the Mixed‐signal Test Interface (MTI). It is ideal
for mixed‐signal systems that need both analog and digital outputs, but can also be used for
pure digital or pure analog systems. This thesis focuses on the practical implementation of
two DACs for the MTI. It primarily focuses on the first DAC that was designed, a 10‐bit
current mode DAC. A 10‐bit, second order delta‐sigma noise shaping DAC is also presented.
The thesis is organized as follows: a brief project background is presented in Section
2. This is followed by the design specifications and a discussion of architectural selection in
Section 3. In Section 4, the final design is presented, and simulation results are shown.
Section 5 details the implementation of the final design, and presents the measured results
from the first chip. Finally, Section 6 outlines the delta‐sigma DAC which was implemented
on the second integrated system.
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Section 2 Project Background
The Mixed‐Signal Test Interface (MTI) is a calibration tool that allows chip designers
to apply low frequency digital or analog stimuli to their chip through a Serial Peripheral
Interface (SPI), 4 pin connection. A key requirement for the MTI is that it be implementable
in multiple CMOS processes. Our group’s product is a software tool for generating the
digital portion of the MTI, which can be used to output digital values to the rest of the chip.
This software, using information about the technology and a minimal cell library, can
generate the layout of the digital circuitry with the number of outputs that the user desires.
Automatic layout generation of a digital‐to‐analog converter, while perhaps possible, is
beyond the scope of the project; however, a reference DAC design will be provided to users
of the system.
A secondary, but important, goal of the project was to implement the MTI in silicon,
in order to demonstrate the architecture. A successful implementation is important to gain
the trust of potential users. These users want proof that the interface does not cause any
chip wide problems, such as direct paths between power and ground. They also need to be
assured that the interface works as designed, because without the interface the user may
not be able to calibrate his or her chip. Our project received two fabrication runs from the
MOSIS Educational Program in AMI Semiconductor’s C5N 0.5‐μm CMOS, and in each we
implemented different architectures for both the digital and analog components of the MTI.
The designs of the two digital‐to‐analog converters are detailed in the remainder of this
document.
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Section 3 Design Methodology
Section 3.1 Design Specifications
The digital‐to‐analog converter is intended to be used for calibration purposes. In
the context of an integrated analog system, this means that the DAC will most likely be used
to bias a transistor or multiple transistors, which are used as current sources to bias other
analog circuitry. The DAC will be used to sweep through a range of output voltages, and
determine the optimal biasing for a specific block.
Therefore, the most important characteristics of the DAC are dc metrics: linearity
and monotonicity. Linearity is important because when used inside an integrated system,
the user must be able to approximate the output voltage based on the digital input to the
system. Monotonicity is the measure of whether for each increase in input code, the output
voltage increases [1]. Monotonicity is perhaps the most important characteristic, because
when the user is calibrating their chip, and they increase the input code by one, they expect
the voltage to increase accordingly. The absolute accuracy of the voltage is less important,
since biasing will also depend on the threshold voltage of the transistors, which will vary
across the die. A secondary, less important specification is the frequency response of the
DAC; the DAC should at least be able to generate frequencies up to several tens of kilohertz.
The two most commonly used metrics of linearity are integral non‐linearity and

Analog output
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Digital input code
Figure 1: Plot of the output of a 3‐bit digital‐to‐analog converter versus the input code. The blue line shows
the actual output and the red line shows the ideal output.

differential non‐linearity [1],[2]. Integral non‐linearity (INL) is measured as the difference
between the actual output of the converter and the ideal output, for each point. For a
converter to be n bit linear, it must have an INL of less than 0.5 LSB [2]. Differential non‐
linearity (DNL) is a measure of how close to ideal the step size of the DAC is. To achieve
monotonicity, the DNL must be greater than negative one at every point [1]. The ideal step
size is

VLSB , Ideal =

VOS
,
2n

(1)

where VIDEAL is the voltage of the least significant bit, VOS is the output swing of the DAC,
and n is the number of bits of the conversion. The DNL at point i is therefore

DNL =

Vi − Vi −1 − VLSB , Ideal
VLSB , Ideal

,

(2)
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and can be measured for values of i from 1 to 2n – 1. The INL at point i is easily computed
from the DNL as
i

INL = ∑ DNL(i ) ,

(3)

k =1

or, in words, the cumulative sum of the DNL to point i. Both INL and DNL are usually
expressed in terms of the ideal LSB value [1],[2],[3].
Minimization of integral and differential non‐linearity is important for the DAC,
because the user of the system will want to have a very good approximation of what
voltage they are applying to the circuitry under test. When they are using our system, the
only way for the user to estimate what voltage they are applying is to assume linearity and
interpolate using the digital input code.
Consideration of die area is also important for the DAC. Since the system, to be
useful as a calibration interface, must consume very little die area, it is important that the
DAC itself be small, especially since the system will most likely use several DACs. In the
context of a 0.5‐μm process, an area of less than 0.1 mm2 was chosen as a target size for
the DAC.
Another important specification is the number of bits of the conversion. The number
of bits and the desired output swing will determine the nominal voltage of the least
significant bit, as equation 1 shows. An increase in number of bits usually comes with a
tradeoff in speed of conversion or die area. To determine the necessary width of the
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conversion, we need consider what the output voltage is being used for. If we assume, for
example, that the end use of the output voltage is to bias NMOS transistors, which, in
saturation, will usually have an overdrive voltage
VOV = (VGS − VTH )

(4)

on the order of 100mV‐400mV, then a resolution of less than 1mV will have little meaning,
because a 1mV change will cause only a very small change to the operation of the
transistor. With a desired output swing of about 1V (in a 5V process), 10 bits was chosen as
a good trade‐off between area, complexity, and resolution.
For selection of an architecture, the key specifications were: the desired resolution,
maximal linearity, monotonicity, and minimal area. A secondary requirement was that the
architecture allow for conversions up to several kilohertz.

Section 3.2 Architectural Selection
During the architectural selection phase of the project, several architectures were
considered for their merits based on our requirements of a low area, 10 bit converter. An
additional requirement for the architecture, beyond those outlined in Section 3, was the
ease of implementation, which was necessary because of my lack of experience as an
integrated circuit designer. Switched capacitor and oversampling topologies were
immediately ruled out for the first run, because of their difficulty—I did not have the
necessary skills to analyze many of the topologies, let alone implement them.
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Figure 2: 4‐bit R‐2R DAC. The requirements for the matching of the resistors makes this architecture difficult
to implement in a converter greater than about 5 or 6 bits.

The next topology that was examined was the R‐2R resistor ladder. In such a system,
shown in Figure 2, each digital input Dn is binary weighted by the resistor ladder. Although
the operation of the system may not be obvious, a quick analysis of the impedances seen by
each node will show how the conversion takes place. For example, consider the output due
to D3. Using superposition, we can ground all of the other digital inputs. Then, looking down
the ladder from the VOUT node, we see a resistance

( ( ( R + ( 2R

RDOWN = R + 2 R

( R + ( 2R

2R ))

)))) = 2R ,

(5)

so if the input of D3 is 1, its contribution to the output voltage is

⎛ 2 R ⎞ VREF
VOUT = VREF ⎜
.
⎟=
2
⎝ 2R + 2R ⎠

(6)

Since the most significant bit (MSB) of this 4‐bit system is VREF/2, we should expect the LSB
to be VREF/16. The generalized output of the system is

D ⎞
⎛D D
VOUT = VREF ⎜ 1n + n2−1 + ... + n0 ⎟ .
2
2 ⎠
⎝2

(7)
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In integrated systems, the absolute accuracy of resistors is usually quite poor, but it
is usually possible to achieve 1% or 2% matching for identically sized resistors. Since the R‐
2R topology only uses resistors of R resistance and 2R resistance, it is possible to achieve
this level of matching. However, for a 10‐bit converter, 1% matching will not suffice, so the
R‐2R network was discarded as a possible topology.
Current steering DACs use individual current sources that are switched on or off to
generate an analog current. This current can then be converted to a voltage. A binary
weighted system, shown in Figure 3, uses binary weighted current sources to directly
convert the digital word to analog current. This is advantageous because it does not require
any digital area except for the switches. In practice, a binary current source with output 2n·I
is implemented with 2n current sources of value I. Binary current DACs are sensitive to
mismatch errors. This is because to ensure a DNL of less than one at the mid‐code
transition, the MSB current source must match the sum of the remaining current sources to
within one LSB.

Figure 3: Binary weighted current DAC. Here, each binary input controls a number of current sources
corresponding to the input’s binary weight.
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A thermometer weighted system, shown in Figure 4, uses 2n current sources for an n
bit conversion, and a decoder which converts the n bit binary input to a 2n-1 bit unary (each
bit is equally weighted) output. A thermometer system is guaranteed to be monotonic,
because each current source is individually controlled. However, the complexity, and hence
the die area, of the thermometer decoder grows with 2n-1, so a 10‐bit thermometer system
is size‐prohibitive, because the digital decoder would be too large.
Another problem with thermometer DACs is the synchronization between each
control signal. If all of the thermometer control signals do not all become valid at the same
time, they will cause glitches in the output current. In large, complex decoders, this can be a
problem, especially for high‐frequency operation. This can be resolved with a latch that
does not latch until all signals are valid, but this adds further delay to the system. Because
high speed operation was not a goal, this was not foreseen as a problem with this
architecture.

Figure 4: 3‐bit, thermometer controlled current DAC. The input binary is decoded by a digital decoder. Each
time the binary code increases, another current source is turned on.
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Clearly, both current steering architectures have beneficial features, but neither is
suitable for a 10‐bit DAC that meets the linearity, monotonicity, and die area requirements.
Segmentation, or division of an n‐bit architecture into m‐LSBs binary and k‐MSBs
thermometer, allows the use of the desirable aspects of both architectures, while
eliminating some of the undesirable aspects of each architecture that come with the higher
bit count.
The architecture for the DAC was chosen to be a current steering topology. The
segmentation was chosen to be 5‐MSBs thermometer, 5‐LSBs binary. In effect, this means
there will be 5 binary weighted sources with currents from I to 16I, and 31 thermometer
sources, each with current 32I. This reduces the requirement for matching from requiring
511 current sources to match 512 current sources to within 1I, such as in the 10‐bit binary
case, to requiring 31 current sources to match 32 current sources.
It should be noted that in high frequency current steering DACs, the switching of the
current is done differentially, such that the current is steered to one of two nodes
depending on the input code, such as in [4]. This creates a differential output signal and also
allows the current source transistor to always be on, resulting in better frequency response
since the node voltage at the drain of the current source transistor does not move during
nominal operation. Since high frequency operation is not needed for our system, single
ended operation suffices.
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Section 4 Design and Simulation
The design was simulated using HSPICE and SPECTRE. Due to circumstances beyond
our control, the SPECTRE models and the technology files for the 0.5‐μm CMOS technology
we used were not available until approximately one month before the fabrication deadline,
so much of the simulation was done in HSPICE using parametric models obtained from
MOSIS’s website. The current steering DAC (IDAC) was designed first, and then an
operational amplifier (opamp) was designed to convert the output to a voltage.

Section 4.1 Current Steering DAC
The design of the current steering DAC involves the design of two subsystems: the
current source array and the thermometer decoder. The thermometer decoder is easily
realized using digital synthesis and place and route tools, so this section will focus on the
design of the current source array.
An ideal current source has infinite output resistance and operates independently of
the load; in other words, the voltage across the current source does not affect the output.
Since such a device is impossible to build, especially in CMOS technology, the design should
focus on achieving the highest output impedance possible, in order to minimize the effect
of voltage fluctuations.
Using resistors for current sources is not feasible. For example, the undoped
polysilicon resistors in the C5N process are 1kΩ, and they have a minimum width of 2μm.
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Assuming we can keep a constant 1V across the resistor, and we build a 4kΩ resistor for
each current source, which will have an area of

Asource = ( 2 μ m ) × 4 squares = 16 μ m 2 ,
2

(8)

we will have a current per resistor of 250μA. For 1023 current sources, this will result in a
full scale output current of 255.8mA.
A better method for creating current sources is the use of a MOS transistor biased in
saturation. Such a device will have a current proportional to the overdrive voltage squared,
allowing the device to be biased to the desired current. This device will also have an output
resistance, ro, proportional to the inverse of the current

ro =

1
λID

(9)

and the channel length modulation factor λ. λ is a strong function of length; in an ideal
device

λ∝

1
,
L

(10)

so it is understood that a longer channel device will have larger output resistance.
Cascoding transistors provides an even larger output impedance; the output
impedance of the cascode current source shown in Figure 5 is
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Figure 5: Cascoded current source

ROUT = ro ,1 + ro ,2 + g m 2 ro ,2 ro ,1 .

(11)

Cascoding provides an increase in output resistance greater than the factor gmro.
However, cascoding each current source requires the number of current source transistors
in the IDAC to double, which will nearly double the size of the current source array. For this
reason, only one transistor was used for each current source.
The mismatch between identical transistors, biased identically in saturation, can be
expressed as a mismatch in threshold voltage (caused by physical disturbances in the
channel and the gate oxide) and a mismatch in the drawn length of the device (caused by
photolithography limitations) [5]. For a square law device, the effect of the length variation

I + ΔI =

μnCOX
2

W
2
(VGS − VTH )
L + ΔL

(12)

can be minimized with the use of a longer channel device, which also will increase the
output resistance, as is desired.
For the threshold voltage, the error is proportional to the square of the mismatch.
The threshold voltage error is most easily compensated by increasing the overdrive voltage,
such that in the equation
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I + ΔI =

μnCOX W
L

2

(VOV + ΔVTH )

2

,

(13)

VOV will dominate the squared term. To determine the necessary overdrive voltage, the
error current ΔI can be found:

ΔI =

μnCOX W ⎡
2
2
(VOV + ΔVTH ) − (VOV ) ⎤
L
W
L
W
L

2
μnCOX
=
2
μC
≅ n OX
2

⎣

⎦

⎡( 2VOV ΔVTH − ΔVTH 2 ) ⎤
⎣
⎦

.

(14)

( 2VOV ΔVTH )

A more useful expression is the error current per unit current, or the error current
per LSB current:

ΔI
=
I LSB

μnCOX W
L

2

μnCOX W
2

=

( 2VOV ΔVTH )
L

(VOV )

2

.

(15)

2ΔVTH
VOV

As in most physical processes, the threshold voltage will be a Gaussian random
variable with mean VTH and standard deviation σ. For the IDAC, using the data for the 0.6μm
node from Pelgrom, et. al. [6], and choosing the device lengths and widths to be an equal
4μm, we can find the threshold voltage standard deviation to be

σ=

10mV μ m[
16μ m 2

5]

= 2.5mV .

(16)
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This analysis confirms that the overdrive voltage should be large, and was useful for
the simulation results presented in Section 4.

Section 4.2 Design Specifics
The final design uses a segmented architecture. The five most significant bits are
thermometer decoded into the control signals for 31 identical current source groups, and
the five least significant bits are created by binary current source groups. The nominal LSB
current is 1 μA. A total of 1023 current sources, each with nominal value 1 μA, make up the

Figure 6: Final current steering DAC topology. Upper 5 current sources are binary weighted, and controlled
directly by the digital least significant bits D0 ... D4. The lower 31 current sources (shown here in an
abbreviated fashion) are controlled by the most significant bits through a thermometer decoder. Upper left
inset: schematic of unit current source, showing M2, the digital switch, and M1, the long‐channel current
source device. Upper right inset: mirroring transistor used to bias current sources.
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current source array. An operational amplifier with resistive feedback is used to create the
output voltage from the analog current output of the current array.
The current source transistors are 4μm/4μm N‐channel devices that operate in
saturation, which are biased by an identical diode tied transistor. A diagram of a current
source is shown in the left inset of Figure 6. The large length was chosen to maximize the
output resistance of the current source, such that fluctuations in the voltage at the current
source output node will not affect the output current. The switch transistor, M2 operates in
triode or cutoff depending on the value of the input, and is the minimum size allowed by
the process constraints.
The output current of the current DAC is converted to a voltage by an operational
amplifier with resistive feedback. As you can see in Figure 7, the current is drawn out of the
inverting terminal of the opamp through a resistor. If the dc gain of the opamp is large, the
voltage at the inverting terminal of the opamp will approximately equal the voltage at the
non‐inverting terminal. The bias voltage from the current source transistors is used for the
non‐inverting voltage. Since M2 operates in triode and will have only a very small voltage

Figure 7: Ideal Opamp used as current to voltage converter.
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across it, this method results in better matching between the mirroring transistor and the
current sources, since their drain voltages are approximately equal. This method also
reduces the effect of channel length modulation as the output changes, which for example
would be a large problem if only a passive resistor was used to convert current to voltage.
The requirements for the opamp were dictated by the current requirements. The opamp is
required to source the entire 1.023 mA full scale output current of the current DAC. Since
the current DAC is NMOS‐based, and pulls current to ground, the ideal design for the
operational amplifier would use a PMOS second stage, such that the output current
increased the bias current of the active device, not reduced it. This is illustrated by Figure 8.
However, this topology was not chosen for this opamp, because of inexperience. The
implemented design is shown in Figure 9.

Figure 8: Output stage design for full scale output current of the DAC. In a), the NMOS transistor is the
active device, but it must respond to a parallel current source, which requires a to be approximately 1. A
better method, shown in b), uses a PMOS active device, such that the DAC output current contributes to the
bias current of the active device. The constant a can be much smaller, resulting in almost a factor of two
power savings.
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Figure 9: Schematic of operational amplifier used in digital to analog converter. The bias of M9 is generated
by a diode tied device (not shown) which is driven by an off‐chip resistor, allowing multiple opamps to be
biased by a single resistor.

Section 4.3 Simulation Results
The circuit was simulated using three tools: HSPICE, MATLAB, and SPECTRE. HSPICE
was used initially due to unforeseen problems receiving the design kit from MOSIS because
of legal complications. In the interim, the parametric test models from MOSIS for the C5N
process were used, and the design was essentially frozen before it was ever simulated in
SPECTRE. Once the full design kit was received, the design was also simulated using the
SPECTRE Analog Design Environment. The simulations matched except for small variations
caused by the different models. MATLAB was used for statistical mismatch analysis and to
display the HSPICE simulation results.
The design presented above was simulated for linearity using a slow (1 sec) transient
analysis, and it was also simulated for a 10kHz input sine wave. Since these results did not
show the effects of transistor mismatch, the results for linearity were very good.
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HSPICE was used to simulate the mismatch between two current sources, using a
Monte Carlo analysis. An ideal mirroring transistor created an ideal bias voltage, and then
two non‐ideal transistors were biased with the ideal bias voltage. These transistors’
threshold voltages were varied independently of each others’ using a Gaussian distribution.
Their lengths were also varied. The data used to estimate the standard deviation came from
[5], and the nominal threshold voltage and nominal length were used for the means of the
Gaussian functions. The Monte Carlo analysis was iterated 1023 times, which generated
1023 mismatch error currents, shown in Figure 10.
Since the DAC is made up of 1023 current sources, each of the 1023 errors were
randomly assigned to a specific current source, using MATLAB. Each current source is a part
of a larger current source group, of 1, 2, 4, 8, 16, or 32. There are 5 binary source groups
and 31 thermometer source groups, and the error for each source group (assigned
randomly) is shown in Figure 11. Each of these current source groups will only be on for
certain input codes. MATLAB calculates when each source is on, and adds that source’s
error to the ideal (no mismatch) simulation. From this data, INL and DNL plots can be
generated (Figure 12 and Figure 13). However, since the INL and DNL are heavily dependent
on which source groups are assigned which error, the process is repeated 100 times to get a
good sample of the mismatch effects. The max INL and DNL from each run is displayed in
Figure 14 and Figure 15. The simulation results showed monotonicity for all 100 runs. The
differential non‐ linearity is acceptable, although not great. The INL is also borderline, but
because of time constraints the design was implemented as simulated.

21

Figure 10: Percent of one LSB error between two mismatched current sources.

Binary

Thermometer

Figure 11: A sample of the error randomly assigned to each current source group.
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Figure 12: Sample DNL plot using mismatch results. DNL is dependent on the random assignment of error to
source groups.

Figure 13: Sample INL plot using mismatch results.
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Figure 14: Max DNL from each of 100 runs

Figure 15: Max INL from each of 100 runs
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Section 5 Implementation
Section 5.1 Layout and Fabrication
The design was implemented in AMI Semiconductor’s C5N 0.5‐μm CMOS, which has 3 metal
layers, 2 poly layers, and a high‐resistance poly mask. Five DACs were implemented as part
of the overall system, which is shown in Figure 16. Four of the DACs were implemented
exactly as described in Section 4, while the fifth was implemented without the operational
amplifier in the circuit, to facilitate separate testing of the current DAC and the operational
amplifier. Figure 16 shows the connections between each block. The design motivations for
this system are described in detail in [7]. This section will focus on the implementation of
the DAC, with a brief mention of the system integration, which the author was also
primarily responsible for.

Figure 16: Block Diagram of first chip, showing major internal blocks and important inputs / outputs.
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To implement the DAC using the lowest area possible with the schematic design, a
current source cell was designed that used the minimum allowed spacing between all of the
elements. The layout of the final current cell is shown in Figure 17. To minimize area, the
current source transistors share a continuous polysilicon gate which has contacts to metal,
to minimize the gate resistance. The digital switch also shares its source with the drain of
the current source device, minimizing both the capacitance at this node and the area of the
cell. Each cell has its own bulk contact to ensure that the bulk is well grounded.
Each DAC was biased with its own current mirroring transistor. This mirroring
transistor was connected to a potentiometer off‐chip that allows the bias to be varied
during testing. In an actual implementation of the Mixed Signal Test Interface, a global
biasing method requiring only one pin would be required, since a primary goal of the
system is to minimize the number of pins used for calibration.
The overall system, shown in Figure 19, is 3mm x 3mm. The actual MTI
demonstration has an active area of 2.4mm2, and each DAC has an area of less than .1mm2,
including the thermometer decoder. If implemented in a shorter length process, the area of

Figure 17: The layout of the current‐source cell. The cell is laid out similarly to a standard cell, such that the
metal rails adjoin each other, allowing easy and compact layout of the current source array.
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Figure 18: Microscope image of the DAC. At left, the thermometer decoder, which is (mostly) obscured by
metal fill. At right, the current sources (small red squares) are visible along with the control signals (gold
color) that control them. The operational amplifier is near the top of the photo, with the compensation
capacitor easily visible (green rectangle).

the system would allow it to be used for calibration with minimal area cost, especially when
the area saved by elimination of the pads required for calibration is considered.
Each DAC consumes 2.5mA through a 5V supply. The digital portion is clocked at
6MHz, and for demonstration purposes the system was interfaced through a USB chip to a
computer. The system is able to play audio using the SPI interface and a DAC.
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Figure 19: Chip Micrograph. The DACs are along the right side of the chip. The center of the chip is
dominated by the 1000 bit SPI register, and the 100 bit and 10 bit SPI registers are at top left.
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Section 5.2 Measured Results
The DAC was characterized using the SPI interface and a computer. A fully integrated
DAC was measured. The linearity was measured using an oscilloscope which collected 10M
data points over a 10 second interval as the input code was increased from 0 to 1023. The
oscilloscope’s ADC only has 8 bits of resolution, but since each step was oversampled by
almost 10,000 times, and the least significant bits of the oscilloscope are a ΣΔ ADC, we were
able to average the pulse train output to resolve a much higher resolution.
After finding the transitions in the code, MATLAB was used to average the points for
each step. The DNL and INL were found using a best fit line through the data. The results are
shown in Figure 20, Figure 21, and Figure 22. These results show that the DAC is not
monotonic at digital input code 960, which is a thermometer transition, where all of the
binary source groups switch off and a thermometer source group switches on.
The lack of monotonicity could be explained by the fact that dummy devices were
not used around the periphery of the current source array. The offending current source
group, shown in Figure 23, has three sides that do not have matching devices on them,
which may explain the error.
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Figure 20: Actual output versus linear best‐fit line.

Figure 21: Differential Non‐linearity of the DAC. The maximum DNL, which occurs at input code 960, is ‐1.02,
meaning the DAC is not monotonic by 18.4 µV.
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Figure 22: Integral Non‐Linearity of the DAC. The maximum INL is 8.81.

Figure 23: The current source group that provides just less than 31 LSBs of current, making the DAC non‐
monotonic. Note that this source group is on a virtual peninsula. Use of dummy devices could have
increased the chances of having a monotonic output.
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Section 6 A Delta Sigma DAC
A delta‐sigma digital‐to‐analog converter was implemented on our group’s second
fabrication run. While the motivations for implementing this topology of DAC were not
especially beneficial to the project, since a delta‐sigma DAC is not especially good for
calibration, the experience was a valuable one.
A delta‐sigma DAC quantizes the input n bits into m bits, but does so at a frequency
many times that of the output frequency, such that an output resolution of n bits can still be
achieved using an analog reconstruction filter [8]. We implemented a 10‐bit delta‐sigma
DAC that quantizes the output to 2 bits. A block diagram of the modulator is shown in
Figure 24. A second order noise shaping loop is used.
The principle of operation of the modulator is that it quantizes 10 bits to 2 bits, and
then takes the error and adds it to the next cycle [8]. Thus the information contained in the
10 bits is preserved in the accumulator. Since our design uses a second order loop, the last
two errors are stored in the loop. The output is described by:

I

X

O

Figure 24: Block Diagram of Delta‐Sigma modulator. The input word is quantized to 2 bits, and the error is
fed back and added to the input on two successive clock cycles.

32

X n = I + 2ε n −1 − ε n − 2 ,

(17)

ε n = On − X n .

(18)

where

The loop, which is implemented in the digital domain, has the effect of shifting the
quantization noise to higher frequencies. This effect can be seen in Figure 25. The delta‐
sigma modulator operates similarly to a pulse width modulator, but the high frequency
switching allows the requirements for the reconstruction filter on the output to be relaxed.
In the simulation shown below, for example, a single pole filter with a ‐3dB frequency of
200kHz could achieve an SNR of more than 60dB, by removing the high frequency

Figure 25: Output of the ΔΣ modulator with a dc input. The dc of the signal output has been removed,
showing only the quantization noise. The quantization noise is primarily above 100kHz, and increases at 40
dB/decade because of the second order noise shaping loop.
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quantization noise, which primarily occurs above 1MHz. An SNR of greater than 60.21dB is
the requirement for a 10‐bit converter, since

20 log(210 ) = 60.21dB .

(19)

A 200kHz single pole low‐pass filter would allow generation of a signal with a frequency of
up to 200kHz.
The output of the modulator goes to a 2‐bit DAC which needs to be 10‐bit linear to
achieve 10‐bit resolution [8]. The 2‐bit DAC was implemented using a current steering
architecture. 3 triple cascoded current sources are used to implement the DAC in a
thermometer fashion. These current sources have switches on them that steer the current
one of two ways, such that the current source is always on, but the current is only pulled
out of the I+ out node if the input to the current source is 1. An abbreviated schematic is
shown in Figure 26. The analog reconstruction filter, which was omitted, would convert the

Figure 26: The current steering 2 bit DAC. On the left, a Sooch cascode biasing scheme is used to generate
the bias voltages. On the right, one current source is shown. When the input to the current source, D, is
high, current is steered to the I+ out node, and when it is low, current is steered to the I‐ out node.
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output of the current sources into a voltage and would also serve to filter out the
quantization noise.
The DAC was implemented on the second chip, and it is currently being tested. The
digital modulator works, and responds to inputs as we would expect. There have been some
problems testing the analog portion of the DAC; the first chip tested drew approximately
300mA through the analog power net, suggesting a major problem with latchup or with a
short.
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Section 7 Conclusions
The use of an on‐chip calibration system can reduce the number of pins used for
calibration, and can allow the user to automate the calibration process. In order for a
mixed‐signal calibration interface to be feasible, it needs to have analog and digital outputs
to the circuitry under test. The use of a digital serial interface limits the number of pins
needed for the system, but requires a digital‐to‐analog converter to construct the analog
signal which will be used for calibration. This digital‐to‐analog converter was chosen to have
10 bits to provide the range and resolution necessary for a calibration interface. The Mixed‐
Signal Test Interface that our team designed was implemented twice in 0.5µm CMOS, each
time with different architectures for both the analog and the digital portions.
Section 3 discusses the requirements for the DAC and how an architecture was
selected. It discusses the theory used to design the DAC, which is presented in Section 4.
The simulation results, which accounted for error due to transistor mismatch, are also
presented in Section 4.
In Section 5, the implementation of the DAC was discussed, and the overall
integrated system is presented. A discussion of the design of the current source cell is
followed by system specifications, and results showing the linearity of the DAC. Although
the results were disappointing, some conjectures are made as to why the DAC is non‐
monotonic, and what could have prevented this from happening.
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Section 6 presents the design of a second order delta sigma modulator DAC which
was implemented on the group’s second integrated system. The simulation results for this
DAC are presented.
This project has been an interesting blend of analog, digital, and system level design.
Although the author’s work has tended more towards the analog realm, the author has
developed a new‐found appreciation for the merits of both realms—analog and digital—
and the power of a mixed‐signal system. As transistor lengths decrease, mixed‐signal
integration increases, and data rates increase, the lowest power, highest performance
systems will take advantage of the benefits of both domains—analog and digital.
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