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ABSTRACT

A six-bit current steering digital-to-analog converter (DAC), integrated in a

double-metal, single poly 2 y.m standard n-well CMOS technology in the MOSIS

process, is described. Current source matching and diflPerential switch driving

aspects are considered. Experimental results confirmed the theoretical predictions

and show that the DAC is monotonic with DC differential and integral non-linearity

of less than ±1LSB over an input current range of 28 to 130 iiA and output voltage

range of 1 to 5 V; the non-linearity is greater than ±1LSB for currents above 130

fiA. The DAC is 298x1079 nm? in area.
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CHAPTER 1

INTRODUCTION

Data conversion systems provide a means to interface between continuous-time

signals representing measurements of physical parameters and their discrete-time

digital equivalent. A digital-to-analog converter (DAC) is a device which receives

digital information in the form of an iV-bit word and transforms it into an analog

signal. A digital-to-analog converter is an important part of many data acquisition

and conversion systems, finding applications in telecommunications, digital audio

tape recorders, speech recognition, digital TV, high definition TV, compact disc

players, and instrumentation systems [1, 2, 3].

The rapidly developing technology of very large scale integrated (VLSI) circuits

reflects the capabilities of the semiconductor industry to fabricate tens of millions

of devices on a single silicon wafer. Integration of large systems on a chip requires

that digital-to-analog converters be realized in CMOS technology [4]. A DAC that

is part of a system on a chip is more convenient, cheaper, and potentially faster than

the same DAC if external to the chip. A CMOS DAC is capable of being integrated

along with memories, digital processing circuitry and other analog applications on

the same chip. One of the advantages of using DACs in analog applications is

the ability to keep the information in digital form, making it independent of drift

with time and temperature and more immune to noise than analog information. A



CMOS DAC offers positive advantages of low-power, low-cost, and the ability to

be produced in existing digital processes. The main advantages of CMOS devices

are low-power consumption, high packing density, high noise immunity, ease of

design, and relative ease of scaling [5]. For digital applications, CMOS devices

require much less power than bipolar devices, and certain functions are available

in CMOS that are not available in bipolar such as very high impedance circuits,

charge scaling, and excellent analog switches.

There are many types of DACs; some produce a voltage output while others

produce a current output. Some DACs have internal reference sources whereas for

others it is necessary to provide external reference sources. DACs can be either

unipolar or bipolar. The input signal may be either in serial digital words or in

parallel digital words. Parallel digital-to-analog converters are usually very fast,

but require many precision components.

In this thesis only parallel converters with external reference sources and ex

ternal output stages are considered. The topologies that will be considered are;

• Capacitor Network

• Current Source Network

• Resistor Network

The purpose of this thesis is to design, test, and measure a six-bit binary-

weighted current DAC in a 2 /xm CMOS process after investigating the benefit of

this network compared with the other DAC networks. This is not for the purpose of



inventing a new topology, but the objective is to design and characterize a reusable

design that can be implemented as part of other future projects using standard 2

fim MOSIS's process. For the purpose of limiting the focus of this thesis and also

due to the nonfeasibility of performing AC testing with the available test set up,

only the DC performance of the DAC is considered here.

The body of this thesis is organized as follows:

Chapter 2 describes the basic principle of operation of a DAC, the basic topolo

gies of different DAC networks. Also discussed is the feasibility of designing a

Binary-Weighted Current Source DAC in a 2 fj,m CMOS process. Each considered

topology will be described and compared with the others.

Chapter 3 describes the design details of the various elements of the current

source DAC topology. Analytical results are presented and compared to simulation

results when appropriate to validate the theoretical results. In this chapter the

DAC layout is also described.

Chapter 4 presents and explains the measured performance results of the DAC.

Comparison of experimental results with expected results is made.

Chapter 5 is a conclusion and discusses directions for future work.



CHAPTER 2

REVIEW OF DIFFERENT DAG TOPOLOGIES

Chapter 1 presented some of the advantages of a CMOS DAC as part of a

system on a chip. In this chapter, the feasibility of implementing a current source

DAC in the MOSIS process is discussed. Several different topologies of DACs are

compared, and the relative advantages and disadvantages of each one are discussed.

The various blocks in a basic form of a DAC, as shown in Figure 2.1, are

the binary switches, a scaling network, reference input(s), and output stage(s).

Most commercially available DACs rely on precision analog elements such as ca

pacitors, current sources, or resistors [6]. The inputs are digital words of A bits

(fci, h, h-, "M and the scaling network and binary switches operate on the refer

ence input(s) to convert the digital word to either a voltage, a current, or a charge

signal. The output voltage Kut can be expressed as

Kut = HVrefD (2.1)

where JT is a scaling factor, Ke/ is the reference input voltage, and D is a fractional

binary input given by

bi are the individual bits that are 1 or 0 as determined by the digital word; hi is

the most significant bit (MSB), and is the leaist significant bit (LSB). Similarly,
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the output current lout can be expressed cis

lout — HlrefD (2.3)

where Iref is the reference input current.

In order to restrict the scope of this thesis, only topologies for parallel converters

with external reference sources and external output stages are considered. The

main focus of comparison of each topology is the scaling network of each DAC.

Since the references are external, the DAC is called a multiplying DAC (MDAC).

The topologies considered are:

1. Charge-Scaling Binary-Weighted Capacitor

2. Charge-Scaling C-2C Ladder Network

3. Current-Scaling Binary-Weighted Resistor

4. Voltage-Scaling R-2R Ladder Network



5. Binary-Weighted Current Source

Some of the major parameters concerned in designing a DAC are full-scale ab

solute accuracy, relative accuracy, linearity, monotonicity, settling time, conversion

time, size, power consumption, design cycle time, and cost.

Full-scale (FS) absolute accuracy is the difference between the measured full-

scale output and the ideal full-scale output before any adjustments.

Relative accuracy is the worst-case input to output error of a data converter,

expressed as a percent of the full-scale, referred to the converter reference. The

error consists of offset, gain, and linearity components.

There are two types of linearity specifications that may be applied to a data

acquisition system. The first, called integral linearity, is defined as the maximum

deviation from a best straight line drawn through the transfer function curve. The

second type of linearity is referred to as differential linearity, which is a measure

of the maximum deviation of any given quantum interval in the system's transfer

function from its theoretical value.

Monotonicity assures the user that the output will increase or decrease as the

input is increased or decreased respectively.

Settling time is the time elapsed from the application of a full-scale step input

to the time when the output has entered and remained within a specified error

band around its final value.

Conversion time is the time required for a DAC to complete a single conversion

to the specified resolution and linearity for a full-scale digital input change.



2.1 Charge-Scaling Binary Weighted-Capacitor Network

In MOS technology, capacitors are being widely used for designing precision

analog circuits such as data converters because of their excellent matching charac

teristics [7]. Many MOS technologies have two layers of polysilicon. The additional

layer provides an efficient capacitor structure referred to a double-poly capaci

tor. But in processes with only one layer of polysilicon, alternative structures must

be used to implement capacitive elements. The MOS transistor itself can be used

as a capacitor when biased in the triode region, the gate forming one plate and

the source, drain and channel forming another [8].

Binary-weighted DAC networks are the simplest of all DAC topologies [7]. As

shown in Figure 2.2, a charge-scaling binary-weighted capacitor network for a DAC

consists of a reference voltage source and a set of binary-weighted capacitors which

have an associated switch. The bottom plates of all the capacitors are typically

switched between Ke/ and ground, and the top plates are all connected to one

common point. This converter works on a charge redistribution principle in which

the network binarily divides the total charge applied to the capacitor array. The

resulting output voltage can be expressed as

v„, = EI (2.4)
t=l

where 6,- is either ONE or zero. This structure has the advantage that the conver

sion accuracy is dependent on the accuracy of the capacitor ratio rather than the

absolute capacitor values, but the required total capacitance rises exponentially
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Figure 2.2: Charge-scaling binary-weighted capacitor network

with the number of bits. Some of the examples of this network can be found in [9]

and [10].

A problem with the weighted capacitor network is that it requires a wide range

of capacitor values for a large number of bits, and as the ratio of capacitors increases

the accuracy of the capacitor ratio will decrease [11]. In this manner, the accuracy

of the capacitors and the required area are the two factors that limit the number

of bits used. A mismatch in the binary ratio of capacitors in the network causes

non-linearity. Linearity is very sensitive to ratio change in the large capacitors

and not very dependent on the smaller capacitors, which have greater allowable

tolerance [7]. For an ideal case with matched capacitors, the output voltage is a

regular staircase, when plotted with respect to the digital input values, as shown

in Figure 2.3 for a three-bit DAC. But when there is a mismatch in the capacitor

ratios the output voltage will differ from the ideal case and causes non-linearity.

Matching errors in capacitors can be caused by misalignment of the mask during

the etching phase of the photomask process. This is a poorly controlled lateral
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etch that is called undercut. Undercut error can be minimized by using parallel

identical small size capacitors to form a larger capacitor. Capacitor ratio error can

also be caused by nonuniform oxide growth conditions. Errors from this source

can be minimized by utilizing a common centroid geometry and by improved oxide

growth techniques [7].

2.2 Charge-Scaling C-2C Ladder Network

For an n-bit binary-weighted network DAC, the capacitor value spread is 2",

making it very difficult to maintain the capacitor ratios in spite of their realization

as multiples of smaller capacitors. In a charge-scaling C-2C ladder network as

shown in Figure 2.4, the required total capacitance rises linearly, and the value

spread is only two. The C-2C converter consists of a reference voltage source,

switches, and a C-2C ladder network which consists of only two values of capacitors,

one of which has twice the magnitude of the other. The bottom plates of the

smaller capacitors are typically switched between Ke/ and ground while the top

plates of the respective capacitors are separated by the larger capacitors in 7r-type

network. However, the conversion accuracy is now sensitive to the capacitor's top

and bottom plate parasitics as well as to interconnect parasitics, since all of these

appear at the intermediate nodes of the ladder [12]. The resulting output voltage

can be expressed as

V,u, = EI (2.5)
.•=1 ̂

In a C-2C ladder array, two is the largest ratio between capacitors; however.

10
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Figure 2.4: Charge-scaling C-2C ladder network

this introduces an additional matching constraint upon the large voltage depen

dent parasitic capacitors in the array in order to maintain the required voltage

divider precision. While the effects of top plate and interconnect parasitics can be

controlled by either choosing a large enough value of C or by mask trimming or

both; those of the bottom plate parasitic are serious, since its value is quite large

[13].

2.3 Current-Scaling Binary-Weighted Resistor Network

Another binary-weighted DAC network is the weighted resistor or current sum

ming network of Figure 2.5. The network consists of a series of binary-weighted

resistors, all tied to a common summing point. Each successive resistor doubles

in value when moving from the most significant bit to the least significant bit.

11
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Figure 2.5: Current-scaling binary-weighted resistor network

When a given bit input is a logic ONE, the associated resistor is connected to the

reference voltage, Ke/ hy a switch. When a resistor is not used, it is connected

to ground. In the same way as most other binary-weighted networks, the required

circuit device ratio rises exponentially with the number of bits. A wide range of

resistor values is required for a large number of bits. This circuit faces similar ac

curacy and area problems as all the other weighted DAC networks. The resulting

output current can be expressed as

^ b
= Vr,, S

2'R
«=1

(2.6)

where R is half of the value of the MSB resitor.

An important disadvantage of the resistor string is that the linearity of the

transfer characteristic can be strongly affected by the differential temperature co

efficient and the voltage coefficient of the resistors in the string. The area required

for the DAC becomes large if the number of bits is increased. Also, the conversion

speed of the converter will be sensitive to parasitic capacitances at each of its in-

12



ternal nodes. These resistors are typically either diffusion resistors or polysilicon

resistors. The diffused layer used to form the source and drain of the n-channel

and p-channel devices can be used to form a diffused resistor, or the one layer of

polysilicon that is required in silicon-gate MOS technologies to form the gates of

the transistors is often used to form polysilicon resistors. The typical resistance of

diffused resistors is 10 to ICQ 11/□, and that of polysilicon resistors is 30 to 200

fl/n [14]. For diffused layers, the resistivity of material varies with the depth of

the diffused layer and the surface impurity concentrations. Metal offers the least

resistance and is therefore the most commonly used material to carry heavy cur

rents, but the channels offer the most resistance. In CMOS technologies, the well

region can also be used as the body of a resistor. It is a relatively lightly doped

region and when used as a resistor provides a sheet resistance of much higher fl/D.

However, well-resistors are slightly voltage dependent and they always have large

parasitic capacitances. A MOS transistor biased in the triode region can be used

in many circuits to perform the function of a resistor, but there is a high degree of

non-linearity in the resulting resistor element [8].

2.4 Voltage-Scaling R-2R Ladder Network

The other resistor network commonly used for DACs is the R-2R ladder circuit,

as seen in Figure 2.6. The use of repeated resistance values in the R-2R network

is efficient and the number of required resistor values are limited. But in CMOS

technology, resistors have the least accurate absolute value; and analog circuits

13
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Figure 2.6: Voltage-scaling R-2R ladder network

should be based on ratios of resistors, where absolute accuracy is not too critical.

The resulting output voltage of an R-2R network can be expressed as

^ b
V^, = K.., E 57

i=l ̂

2.5 Binary-Weighted Current Source Network

(2.7)

The last type of topology considered is the binary-weighted current source

network. As shown in Figure 2.7, the network consists of binary-weighted current

sources, a reference current source, and a set of switches. Each successive current

source doubles in value when moving from the LSB to the MSB. When a given bit

input is a logic ONE, the associated current source is connected to the output,

loui by a precision switch. When a current source is not used, it is connected to
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1  1 1  1

1  ̂ lout.

Figure 2.7: Binary-weighted current source network

lout- The problem with this circuit is that the size of the current sources increases

exponentially with the number of input bits, and as the ratio of current sources

increases, the accuracy of the current source ratio will decrease. Matching error

in current sources can be caused by misalignment of the mask either because of

mechanical error or error caused by temperature mismatch. A poorly controlled

process could result due to surface-state-charge and ion-implanted-charge effects.

Random matching errors in transistors can also be caused due to oxide effects.

There are correction or prevention methods for each of the errors mentioned above.

These methods are discussed in the following chapter. The resulting output current

of the network can be expressed as

N

Iout = IrefE^%
;=1

(2.8)

where Iref is the reference input current equal to half of least significant bit current.

Compared to current sources or resistor arrays, capacitors are easier to fabricate

and more accurate in matching. But the limitations on using capacitor charge

redistribution techniques are the large chip area required by the capacitors and

15



low speed. In technologies with one layer of polysilicon, an additional process step

must usually be added to produce a capacitor of suitable quality. At the same time,

a VLSI process may not even offer linear capacitors. Resistor networks are useful

in technologies which contain no capacitors, but they are the leaist accurate passive

components available in a MOS process. These factors are good motivations to

study the matching behavior of a MOS transistor current source and the possibility

of designing and fabricating a current source DAC network in a 2 fxm CMOS

process.

16



CHAPTER 3

DESIGN OF A BINARY-WEIGHTED CURRENT

SOURCE NETWORK

In this chapter the design of a six-bit binary-weighted current source DAC

will be described. After presenting the theoretical aspects of this type of DAC,

the circuit for this research will be described. As shown in Figure 2.7, a binary-

weighted current source network for a DAC consists of a set of binary-weighted

current sources and a set of two-way current switches. For the purposes of this

thesis, the combination of the current source and a pair of two-way current switches

will be referred to as a unit cell. In this network, the size of the current sources

increases exponentially with the number of input bits. A six-bit DAC requires six

different size current sources, the values of which double when moving from the

LSB to the MSB. A unit cell with a cascode current source will also be discussed.

PMOS transistors have a larger mismatch in conductance constants than do

NMOS transistors. Poorer gate oxide capacitance matching and larger mobility

variation are the two contributors of this mismatch in PMOS devices [15]. PMOS

devices need to be about twice the size of NMOS devices for the same current,

since the hole mobility is half of the electron mobility. Because of these facts it

Wcis decided to design the unit cell using NMOS transistors.
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3.1 Unit Cell

A unit cell of the binary-weighted current source network consists of a current

source and a switch to direct the current either to lout or to lout depending on the

input settings. It has been demonstrated that for best matching of ratioed current

sources it is better to form the larger current sources as a parallel collection of

the smallest valued source [11]. This concept will be extended for this DAC by

constructing the higher order bits from multiple copies of the unit cell. Figure 3.1

shows the implementation of a unit cell using NMOS devices. The operation of

this circuit will now be described.

Transistor is connected in a current mirror configuration with diode con

nected transistor M^ej- The node Vref is shared by all of the unit cells in the DAC.

The reference current Iref is injected into the drain of Mref developing a voltage

which is applied to the gate of transistor Mj, causing a current to flow in M^.

Transistor Mrej is operating in the saturation region because its drain-to-source

voltage {Vds) is equal to its gate-to-source potential (V^j). For proper operation,

transistor must also be operating in the saturation region.

The second part of the unit cell is the differential pair which steers the output

current into lout or lout depending on the state of the differential select voltages

Vin and Vin- The differential pair consists of two matched NMOS transistors,

and M which may be operating in either the linear or the saturation regions.

There are number of important characteristics of the unit cell that must be

considered. They are:
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Figure 3.1: A unit cell of a simple current source network
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• Output Current Characteristics

• DC Characteristics of the Switch

• Output Impedance

• Minimum Output Voltage and Maximum Output Current

• AC Switching Characteristics.

In the following sections, each of these characteristics will be examined in detail.

3.1.1 Output Current Characteristics

Using the level 1 large-signal model, the drain current of an n-channel MOS

device with positive polarities of voltages and currents, operating in saturation

and strong inversion can be expressed as

h= - v,ni w,,) (3.1)

where > (V^s — V<) and Vgs >Vt. The various parameters of Equation 3.1 are

defined as

fio = surface mobility of the channel for the NMOS device {cm'^/volt —seconds)

Cox = = capacitance per unit area of the gate oxide (Ffcm^)

Cox = dielectric constant of silicon dioxide = 3.9eo {Flam)

Co = 8.85 X 10"^'' (Ffcm)

tox = thickness of the gate dielectric (m)

W = effective channel width {fim)
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L = effective channel length (/xm)

The threshold voltage for an n-channel transistor is given by [11] as

Vto = zero-bias threshold voltage [volt)

^ _ V^iyi^iuh = body-effect coefficient [volt^^^)

<f>j = ̂  In = strong inversion surface potential (volt)

Vah = voltage from the source-to-bulk [volt)

€ai = dielectric constant of silicon = 11.7eo [F/cm)

k = Boltzmann's constant = 1.381 x 10~^^ [J/°K)

T = temperature [°K)

q = electron charge = 1.6 x 10"^® [coulomb)

Natib = substrate concentration or doping [cm~^)

n,- = intrinsic carrier concentration (cm~^)

A = channel length modulation parameter [volt~^)

The channel length modulation parameter is defined in [11] as

(3.2)

A =
1 2e«

1/2
Vd3 - Vds[sat.)

Lef fVds _ Q ̂sub _ 4
+ 1 +

1/21

(3.3)

Vd3[sat.) = drain-to-source voltage in saturation region [volt)

Lefj = L — 2[LD) = actual effective channel length (/xm)

LD = lateral diffusion (/xm)

Since Afj is connected in parallel with Mref, it will have the same Vg,. The currents
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through Mref and Mj can be written as

Ir., = %(V.. - + AVj,,.,) (3.4)
I. = j(K. - + XVi.,) (3.5)

"here > {V,. - V,^J, V,., > (V„ - V„), 0„, = and ft =

Equations 3.4 and 3.5 can be combined to obtain

Assuming the threshold voltages are the same, Equation 3.6 can be simplified to

If A ~ 0 or if = Vdsj, Equation 3.7 can be further simplified to

(feS)
Thus, 7j is a multiple of Ire/ whose value is determined by device geometry. In

practice this value of /j will be obtained only when the voltage at the drain of M,

(Vrfa,) is equal to V^,. Variation of the drain voltage will result in corresponding

changes in /j due to the output resistance of Mj.

3.1.2 DC Characteristics of the Switch

An ideal switch has zero ON resistance (Ron) and zero OFF leakage current

(Ioff) [11] when operating in the linear region.

and as shown in Figure 3.1, may be operating in either the linear

or the saturation regions for correct unit cell operation. Assuming that the two
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devices are identical and that is the ON transistor in the linear region and

is in the cutoff region, the drain currents of and can be expressed

as

2

^
-fout — Sswl

ds,uii (1 + Aau,iVda,^j) (3.9)
2

TZt = 0 (3.10)

where < {Vgs,^, - < 0 since V;„ = 0, and

> 0. Assuming the drain-to-source voltage of is small, and neglecting

A effect. Equation 3.9 can be simplified to

lout — ̂swli^S'iwl ~ Sawl (3.11)

When is in the saturation region, the drain current of can be expressed

as

+A,„,Vi„„) (3.12)

where > (V^j.^j — Vt)- Neglecting A effect. Equation 3.12 can be simplified

to

=  (3.13)

From Equation 3.11, the large-signal ON channel resistance, Ron of the transistor

for small values of Vds,^^, in the linear region can be described as

D  ̂̂ da,wi _ ^ _ ^swl
dhut ^

Therefore, Rqn of the switch is inversely proportional to of in the

linear region. A similar result can be obtained for transistor when is

the ON transistor in the linear region and is in the cutoff region.
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The switch leakage current can be due to subthreshold current and to surface-

leaJcage currents, which are in the 10 pA range at room temperature [11]. For this

circuit Vg, <0 when the switch is OFF. Therefore, there will be no subthreshold

currents. Surface-leakage currents can be ignored for this design, since the least

significant bit of the DAC will have at least 1 pA of current and the effect of

picoAmps of leakage current can be neglected.

3.1.3 Output Impedance

An ideal current source is nonexistent in the real world; there is no physical

device which will deliver a constant current regardless of the load resistance to

which it is connected or of the voltage across its terminals. A practical current

source can be modeled as shown in Figure 3.2 as an ideal current source (/j) in

parallel with an internal resistance (Ri). In this case i2, is the output impedance

of M,. The total output current of the current source is the sum of the current

through the ideal current source and the current through i?,-. Since the output

impedance of simple current mirror is not infinite, variation of voltage at the drain

of M, will change 7,.

Figure 3.3 shows the simplified small-signal model of the unit cell of Figure 3.1.

This model is used for calculating the output impedance. Summing the current at

the output node gives

Fui ~ "I" 9mba,^i^bs,uii ~t" (I'out ^dsi^ddsswl (3.15)

where is the transconductance of gmbs,^i is the transconductance
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Figure 3.2: Practical current source model
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Figure 3.3: Output impedance model of a simple unit cell

due to body effect, and is the drain-to-source conductance of Since

Vdsi = hutrdsi, 9mbs.^i = [H], K is in the saturation region, and

is in either the linear or the saturation region, the output impedance rout can be

calculated as

fout — Y — fdsi "I" '^ds,u,i "I" (1 "h ̂ twi)
^out

(3.16)

The various parameters of Equation 3.16 when is in the linear region are

defined as

7 (3Vawl

rd,i =
dVdai (l+AiVdai)

dh IiXi

.17)

(3.18)
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dV,siwl ^ (1± ^da,wi )
diout \^»w\{ygs,^i ~ ̂t.wi ~ )^] + lout^swl

(3.19)

dIout9m,^l = oy°" = + -^awlVds.^i) (3.20)
^^gsswi

Tout terms can be further simplified to

rj,. tV (3-21)
ilAi

^ds,u,l O TT ^ \ (3.22)
P8Wl V 9^8w1 ^swl )

(3.23)

And when is in the saturation region

^ j-^— (3.24)
*out^swl

Q^sw\^ v/2A../~< (3.25)

Larger output resistance results in a more constant current over the range of Vout

values.

3.1.4 Minimum Output Voltage and Maximum Output Current

In order for the unit cell to perform properly, Mj should be in the saturation

region, and or can be either in the linear region or the saturation

region of operation. In the linear region a MOS device does not make a good

current source, because of the low output impedance. But in the saturation region

MOS devices make good current sources. Therefore, in order for Mj to perform

properly, Vjaj should be greater than or equal to (V^jj —
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By reducing the value of the minimum output voltage Kut(min.) > there will be

a larger range of Vout values over which the current source will work properly. For

the minimum output voltage calculation, the switches are assumed to operate in

the linear region. Using Equation 3.9 and neglecting the A effect, Vout(min.) of a

simplified unit cell in Figure 3.4, for to stay in saturation can be given by

^out(min.) — (I'tn )

- V,..,)' + y, [v,. - 2(K„ - V,...)] - (3.26)

where V;„ is the input of the switch M.„,. Since lout = h, (,„<.) = (Ug„ - Vi,),

(V^»i — ̂ i) = neglecting the A effect. Ire} = hut-, the new value of

Kut(mm.) can be expressed as

^out(min.) — (Fin )

- v....) [(K„ - V...,) - 2^^;] + (^ - ̂ ) (3.27)
For a given lout, Vout(min.) can be reduced by increasing the WIL values. Similar

results can be calculated for switch M

To calculate the maximum output current Iout(max.)i (F^si ~ of the current

source transistor increases as lout increases. From Equation 3.5, this is given by

- Fi, =
21out

(3.28)

As lout increases, Vda\ decreases. For the correct operation of the current source,

Mj should be in the saturation region and its drain-to-source voltage is given by

Ud,, = f;„ - f;, - K.., -
2IoutL,

SfioCoxW,^
(3.29)
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Figure 3.4: Simplified unit cell for minimum Vout{min.) calculation
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Setting Equation 3.28 equal to Equation 3.29, and solving for Iout(max.) gives

^out(max.) — A'oC'ojr (Vin ) (3.30)

Due to body effect, is not equal to zero, therefore must be calculated

from Equation 3.2. Iout{max.) can be increased by increasing the widths of the

transistors.

3.1.5 AC Switching Characteristics

Due to the gate-to-channel parasitic capacitances, gate-to-drain {Cgd) and gate-

to-source (Cgs) as shown in Figure 3.5, transitions on the input of the switches

will generate some feedthrough currents. These capacitances are functions of the

transistor sizes of the switches and change value according to the region of the

operation that the transistor is in. The differential pair switches will be either in

the cutoff region or linear/saturation region of operation. The gate-to-substrate

capacitance is assumed to be negligible.

In the cutoff region, there is no channel, and hence the total gate capacitance,

Cg is the sum of the gate-to-source and gate-to-drain overlap capacitances. The

total gate capacitance of a switch in the cutoff region can be approximated as

CgC^2CoxLDWeff (3.31)

where We/j is the actual effective channel width.

In the linear region of the switch Vga > Vds + Vt, the channel exists and extends

from the drain to the source. Therefore, Cg is the sum of the overlap capacitance
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Figure 3.5: Critical parasitic capacitances of a unit cell
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and the gate-to-channel capacitance. The total gate capacitance in the linear

region can be expressed as

Cg ~ CorW.sf {2LD + Less) (3.32)

where the channel area Ach = WeffLefj.

In the saturation region where Vj, > {Vgs — Vt), the channel is heavily inverted

and the drain region is pinched off. This caused Cgd due to gate-to-channel capaci

tance to be zero, and Cgs increases to approximately 2/3 of its channel capacitance

in the case of the linear region [11]. Therefore the total gate capacitance can be

approximated as

Cg ~ 2Co:cWeff{LD + l/3Le//) (3.33)

When the input of rises and the input of falls, feedthrough current

will be injected through the gate capacitance of and is pulled out through

the gate capacitance of Since is operating in either the linear or the

saturation region at this point, its gate capacitance is not the same as the Cg

of which is in the cutoff region. As the result of this, the injected and

the pulled currents are not equal. Due to the inequality of the capacitances, the

voltage at drain of the current source M, moves up and down. At the same time

M, is generating a constant current that should be equal to the output current,

lout- But due to feedthrough current through the gate capacitances of and

^.wibi there will be under shoots and over shoots in the currents of lout and lout

by the total amount of the feedthrough currents.

Since Cg is not constant over different voltage ranges and is a function of the
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transistor sizes of the switch, the larger the W of the switch is, the larger the Cg

will be. Larger capacitances generate larger feedthrough currents that degrade the

transient accuracy of the DAC.

3.1.6 Unit Cell with a Cascode Current Source

Another possible topology for the unit cell design is given in Figure 3.6. In

this unit cell, the simple current mirror is replaced by the cascode current mirror.

The transistors in the cascode current mirror operate in a similar fashion to those

in the simple current mirror. The diode connected transistors Mreh and M^eh

operate in the saturation region since their gates are connected to their respective

drains. Transistors M, and are connected in a current mirror configuration

with the diode connected transistors. The node Vreh is shared by all the bottom

row transistors in each of the cascode unit cells, and the node Ke/j is shared

by all the second row transistors in each of the cascode unit cells in the DAC.

For proper operation, transistors M, and must be operating in the saturation

region. For Af, to be in the saturation region, should be greater than or

equal to (Ke/, — KJ- K-e/i should be at least equal to for Mrefi to be

ON. Similarly, for to be in saturation, Vds^ should be greater than or equal

to (Ke/2 — Vdsi — Vti)- Therefore, 1/^^^ should be at least equal to (Vi, +1^2), for

Mre/j to be ON. Assuming all threshold voltages are the same and ignoring body

effect, Vreji i"ust be at least 2Vt for Mj to be in the saturation region. Hence, this

unit cell requires a higher minimum voltage compared to the simple unit cell.

The advantage of using cascode current mirror is its higher output impedance.
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Figure 3.6: A unit cell of a cascode current source network
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Figure 3.7 shows the simplified small-signal model of the cascode unit cell. Using

this model, the output impedance of the cascode unit cell can be calculated as

~ ^dai "I" '^d32 d" d" Pm.ujiCl d" 1]swl)i,'^dai d" ̂ ds^^

+9m2rds,rds:,{l d- J/m2)[l d- -I- J7„„i)] (3.34)

where Afj and are both pinched off. For in the linear region, the rout

terms can be further simplified to

Tds, ̂  j\- (3.35)
d-out^l

rds2 ̂  j\- (3.36)
-'out-^2

9m,2^ v/aft/... (3.37)

- V,.., -

9m,v>i — (3.39)

The values of and 9m,u,i i for ̂ ,u,i saturation region are

rds.^i - T—T— (3.40)
■I out awl

9m2 ^ \IW,^Jout (3.41)

Comparing the Tout of the simple unit cell in Equation 3.16 with the Tout of the

cascode unit cell in Equation 3.34 clearly shows that the cascode current mirror

oflFers higher output impedance than the simple current mirror. Therefore, the

current of the cascode unit cell will be less sensitive to changes in the output

voltage.
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The price of the higher output impedance of the cascode cell is its higher

minimum output voltage. Neglecting A effect, Vout(min.) for a simplified cascode

unit cell in Figure 3.8 can be obtained as

^out(min.) — (f'tn f'lju;! )

+ 2(V,„, - + Vi.,) + {V,., + v,.,y-

(3.42)

Since lout — — -^2' ^dsi — (aaf.) ^i)j ̂ d32{sat.) (^^2 ^2)'

i^gsi - Ki) = {Vgs2 -Vt^) = and neglecting the A effect, /„/ = hut-

The new value of Vout(min.) can be expressed as

^out(min.) (^*n )

(Kn-Vt.J W

(3.43)

Vout(min.) Can be reduced by increasing the WjL values and adjusting the gate-to-

source voltage to get the same output current. Similar results can be calculated

for switch when it is ON.

Due to body effect, Vt,^^ of the switch in the cascode cell will be larger than the

threshold voltage of the switch in the simple cell, since the source voltage would be

at a higher potential in the cascode mirror versus the simple mirror. The threshold

voltages of Afre/j and Mj are also higher than the threshold voltages of Mre/, and

Afj, due to the body effect. Therefore, the transistors in the cascode unit cell

require higher minimum operating voltage.
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Figure 3.8: Simplified cascode unit cell for minimum Vout{min.) calculation
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Comparing Equations 3.27 and 3.43, for equal Kut(min.)5 the WIL of the tran

sistors in the cascode unit cell must be larger than in the simple unit cell. Increases

in W/L translates to a larger area and a larger current. Maintaining the same area

in the two unit cells requires the transistor sizes in the cascode mirror to decrease.

Reducing the transistor sizes in the cascode unit cell increases Vout(min.) and re

duces the current capability of the cell. Reducing the transistor sizes also has an

adverse effect on matching. Thus, in order to design a cascode unit cell with the

same output current and minimum output voltage as an equivalent simple unit

cell requires that the cascode version occupy a larger area.

With a smaller area, an adequate output impedance, and lower minimum out

put voltage, a DAC based on a simple unit cell can be designed. Therefore a simple

current source topology was used for the design of the DAC.

3.2 Nonideal Effects in Current Mirrors

Mismatches represent major limitations to the accuracy of analog circuits. Cur

rent mismatch can degrade linearity and monotonicity which are important char

acteristics of a DAC. Mismatch that can be observed between the parameters of a

group of equally designed MOS transistors is the result of several random variation-

s in the process steps which occur during every fabrication phase of the devices.

The absolute value of parameters can also be different from process to process,

from wafer to wafer, or as the result of unwanted offsets caused by electrical or

lithographic differences [16]. The majority of these errors are process dependent.
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and there is not much that a designer can do in order to reduce or avoid the result

ing problems without having access to the process. Transistor width and length

are typically the only parameters available to be specified by the circuit designer.

Another source of error is systematic error which affects adjacent elements with

identical geometries [17]. These mismatches can be minimized by following a set

of basic rules and by making maximum advantage of all the available components

in a process. Process errors are random and cannot be corrected by improved

matching techniques. They are the limitations of the achievable accuracy.

An examination of Equation 3.6 shows that there are three effects that can

cause current mismatch in current source transistors. These are: (1) channel-length

modulation mismatch, (2) threshold offset between transistors, and (3) imperfect

geometrical matching. Each of these effects will now be described in detail.

The channel-length modulation parameter. A, varies inversely with the length

of the device, the drain-to-source voltage, and when e,,-, q, and Vda{sat-)

are considered constants. Equation 3.3 shows that with increase in Vj,, substrate

doping, and Tg//, A decreases. As the result the two adjacent current source

transistors can have different values of A.

The assumption that the substrate is uniformly doped does not necessarily hold

for small-geometry devices [15]. The nonuniformity of the substrate dopant is a

process issue, but by using larger transistor sizes the effect can be minimized.

Threshold voltage, Vt as described in Equation 3.2 is equal to Vt^ when Vat = 0.

Since Vj,, of all the transistors of the current sources are equal to zero, they will

not have threshold mismatches due to body effect, and the threshold voltage will
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be equal to the zero-bias threshold voltage. Vtg can be expressed as [11]

+  + (3-«)

Parameters of Vt^ are defined as

Vfb = <i>gb — ̂  = flatband voltage (volt)

4'gh — ̂f{gate) ~ ̂f(body)

Qgg = iVa,9=oxide charge {coulomb —

Nss = surface state density {cm~^)

The mismatch in zero-bias threshold voltage is accounted for by variations in tem

perature, different charge quantities, and in the gate oxide. The gate oxide capac

itance is quite uniform and has little influence on the threshold voltage mismatch.

However, the non-uniform distribution of the dopant atoms in the bulk is a ma

jor contributor to this mismatch [15]. Since the nonuniformity of N^ub is an issue

with small-geometry transistor sizes, the effect can be minimized by using non-

minimum transistor sizes. As long as the power dissipated on the chip is very low,

temperature will not have a major effect in mismatches of threshold voltage [15].

There are differences in the drawn W and T, due to mask, photolithographic,

etch, and out-diffusion variations, even for two similar adjacent transistors [11].

The gate area of a MOS transistor is determined by several different masks. The

poly mask determines the channel length, and the diffusion mask determines the

channel width. Hence, length and width can be treated as independent random

variables. Current matching can be improved by increasing the device size, and

for transistors of identical size with W and L greater than lOpm, the errors due
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to geometrical mismatch will generally be insignificant compared to other sources

of mismatch [11].

It is also possible that the mobility /xq of the current mirror is mismatched

due to random impurities. The mobility of holes is different from the mobility

of electrons and is also a function of impurity concentration. Mobility discussed

here is the surface mobility, or the mobility of a carrier constrained to travel along

a semiconductor surface. Electron mobility is approximately two times the hole

mobility and decreases with increasing doping concentration because of increased

collision with charge impurities. For n-channel devices, the variation in mobility

has less effect on the mismatch of current mirrors; the corresponding quantity for

p-channel transistors could be larger.

The drain current matching not only depends on the device dimensions but also

on the operating points. Significant ratio error can exist when the current source

transistors do not have the same drain-to-source voltages due to the mismatch in

the ON resistance of the switch in the linear mode. Assuming that the Vds voltages

are not equal, but all other aspects of the transistors of a simple current mirror

have the same values including A, the ratio of the currents of two current sources

can be simplified to

h ̂  I + AVd,i /3 45)

In this case, the differences in the Vda values of the two transistors can cause differ

ences in the ideal current mirroring. But for a given difference in Vds, the current

mirror matching can be improved as X becomes smaller. This can be accomplished
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by using larger Lefj values. The other benefit of larger L values is larger out

put impedance, since short-channel devices decrease the output impedance, and

consequently, the linearity is degraded.

Equation 3.1 shows that better performance of the current mirrors can be

achieved by using larger Vgs voltages because there will be less effect due to thresh

old offset. In order to achieve a higher higher currents or larger W/L are

required. The larger the the less effect the AVJ = Vt, - Vt^ will have on the

output current. The differences in of the current sources would also can cause

mismatches in the currents. In a current mirror, when the Vt and all other aspects

of the transistors are identical except the current ratio of two current sources

can be simplified to

f = (3.46,
But since the gate of each of the current sources will be connected to the same

common node, the differences would only be due to poor layout and high

resistance in the connecting metals which would cause voltage drops across the

metals.

3.2.1 Mismatch Calculation

A quantitative analysis of variations in A, Vt, and transconductance parameter

(/?) will now be given. Assume that the current through the first unit cell is /i,

and the current through an adjacent unit cell is I2. From Equation 3.1 the current
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through each of the unit cells can be expressed as

h = (V... - V„y(l + AiV,..) (3.47)

I, = - V,,f(\ + AjK,„) (3.48)
2Lj

For the purposes of limiting the scope of this mismatch analysis, Vd, and Vgs

voltages are assumed to be constant. The differences in each of the parameters

can be defined as

A/S = ()9, - and = 0.5(^, +

AK = {Vt, - and = 0.5(V;, + ViJ

AA = (A2 — Ai), and A = 0.5(A2 + Ai)

Therefore, + 0.5A^), and - O.bA^). Vt, = {Vt - 0.5Ayt), and

Vt, = (Vt + O.bAK). A, = (A + 0.5AA), and A^ = (A - 0.5AA). The ratio of /, to

/j from Equations 3.47 and 3.48 can be expressed as

^ _ (p + 0.5A;g)(V^, - Vt + 0.5AK)^[1 + Vdsi\ + 0-5AA)]
I, (^-0.5A)3)(V5,-V;-0.5AV;)2[l + yd,(A-0.5AA)]

Equation 3.49 can be further approximated to

^ 2Ay, AAV.,
^ +(V„-F,) (1 + AVj.) ^ '

The approximation in Equation 3.50 is valid only when ^

and < 1. When (K, - 14) ~ 0.5AVt, the Equation 3.49 can be

approximated by

+ ̂  + — (3.51)
^ ̂  (\ + XVis) ^ ^
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In order to define AA in terms of AL, from Equation 3.3 the different parameters

are defined as AL — (L, — L = 0.5(Lj + L^), and A = j where

1/2^
1 2 V Ve„

1/2

9 Nsub _
i

ds - Vds{sat.)
1 +

ds - Vds{sat.) (3.52)

Thus, T, = (Z, + 0.5AZy), and = (L — 0.5AL). Therefore, the ratio of AA in

terms of AL can be expressed as

AA dX D
(3

AL dL L2

Therefore, AA from Equation 3.53 is given by

DAL
AA

.53)

=
L2

(3.54)

And since A = y, AA can be defined in terms of AL from Equation 3.54 as

AA =
AAL

(3.55)

For calculating Alfl, each of the parameters are defined as AI — I =

0.5(7, + /,), /i = (/ + 0.5A/), h = {I- 0.5A/), and

A3 2AV; AAFrf,
(3.56)

^  {V,,-Vt) (l + XVd.)

Therefore, the ratio of AI/I by substituting A in Equation 3.50 can be expressed

as

AI 2A

I " (2 + A)
(3.57)

According to [18], the threshold mismatch AVf may have a mean standard devia

tion ranging from 1 - 20 mV, and A^j^ mismatch ranging from 0.5 - 5 percent.
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The mismatch in length and width is in the range of 0.01 - 0.03 fim [15]. For the

purposes of worst case calculations here, AVt is assumed to be 3cr = ±0.06 V,

= ±0.05, and AL = ±0.03 fim.

3.2.2 Non-Linearity Predication Due to Mismatch

Differential non-linearity and integral non-linearity are two of the general errors

generated by a DAC. Linearity error occurs due to random mismatch in the con

version elements. Hence, the circuit yield is a function of the matching accuracy

of the unit cell current sources. This enables the non-linearity to be expressed in

terms of fractions of LSB or as a percentage of the unit cell current. A DAC with

a differential non-linearity of greater than ±1LSB, will not be monotonic.

The worst case differential non-linearity for a six-bit DAC usually occurs when

the output changes from halfway through the full scale, binary code 011111 to

the next input word 100000. For this code transition, every unit cell in the DAC

changes state.

Assuming that the full scale output current of a six-bit current network DAC

can be defined as

= I^sB (32^6 ± 16^6^4 ± 4D3 + 2D2 ± Di) (3.58)

where I, is the full scale current of the the binary code 111111, Di =0 or 1,
s *

i = (1,2,..., 6), D\ is the LSB, D& is the MSB, and is the LSB current, which

is the current of a unit cell. Ideally, (/looooo — hnin) is equal to However,

due to current mismatches the current differences of the two consecutive inputs
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will not be equal to To calculate the worst case differential non-linearity, the

output currents of /oiiiii and /looooo will be defined as

/«„„ = 32/„, - ̂  (3.59)

hoaaaa = 31/i,5b + ^ (3.60)

Therefore, the difference of the two output currents, Idijf will be

63A/ •>Idi}j = hsB H ^ (3.61)

where I^jj = (/looooo - Zoiiiii)- Assuming worst case, the current error, hrr

expressed in terms of LSB current can be obtained from Equations 3.57 and 3.61

as

63A
^ (^)err — ̂ LSB

where Utt = [hi]} — ̂ lsb)- However, since the mismatch in the unit cells is

an uncorrelated random process, a better estimate for the worst case differential

non-linearity can be improved by a factor of y/^. Thus,

Zerr{mai.) y/OSA (3.63)

Maximum error occurs halfway through the full scale, and the error contributions

of the individual bits tapers off towards the LSB. Therefore, the MSB current

could be the most critical bit in the performance of a DAC, and it should have the

highest accuracy.

Integral non-linearity of a DAC is generally defined as the difference between

the actual output to the desired output normalized to the full-scale output of the
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DAC. In this case the maximum error due to mismatch would be in the case of

the end-point linearity and it would be the same as the maximum differential non-

linearity. In the case of best-straight-line linearity, the error will be less. In a

current output DAC the output impedance does not have an affect on the integral

linearity performance. But if the output current is converted to voltage output

with a use of a resistor, the output impedance would effect the integral linearity

performance of the DAC. In this design it has been assumed that either the DAC

is used as a current output DAC or it can be converted to a voltage output DAC

by using a high gain opamp, in which case the integral non-linearity of the DAC

would still be independent of the output impedance.

3.2.3 Techniques for Reducing Mismatch

According to [13, 17, 18], for a given process, matching of critical devices may

be improved by enforcing the following set of rules that are not specific to CMOS

but are applicable to all kinds of IC technologies.

1. Devices to be matched should have the same structure.

2. They should have the same temperature. Device parameters such as mobility

and threshold voltage are temperature dependent.

3. They should have the same shape and same size. For example, matched

transistors should have same width and same length, and not simply the

same aspect ratios.
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4. Common-centroid geometries should be used to cancel constant gradients of

parameters [17]. This also avoids troubling voltage drops on busses. Linearity

error caused by a voltage drop along the analog ground bus can also be

reduced by symmetrical layout and by ground tabs. This may not be feasible

in some designs, since it generates additional complexity to the layout and

also may not be practical in certain processes due to limited numbers of

metal layers available.

5. The same orientation on chip is necessary to eliminate asymmetries due to

unisotropic steps in the process, or to the unisotropy of the silicon substrate

itself. In particular, the source-to-drain flows of current in matched transis

tors should be strictly parallel. Also, the drains of the transistors should lay

on the same side of each transistor with respect to the chip.

6. Devices to be matched should have the same surroundings in the layout.

7. Minimum transistor sizes should not be used. Using nonminimum size tran

sistors is an obvious way of reducing the effect of edge fluctuations and to

improve spatial averaging of fluctuating parameters.

There are concerns with large separation between matched devices that cause

mismatches, and, as a result, use of minimum distance between matched devices is

recommended to take advantage of the spatial correlation of fluctuating physical

parameters. But according to [13], the spacing between transistors can be ignored

for transistor areas less than 100 fim?.
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Matching of currents in current mirrors can also be improved by careful layout

techniques such as the use of guard rings.

3.3 Design Detail of a Six-Bit Current Steering DAC

Based on the understanding of the matching behavior of MOS devices and

systematic design methodology, a six-bit DAC has been designed. Figure 3.9 shows

a detailed circuit diagram of the six-bit non-weighted n-channel current steering

DAC.

For this topology, the concept of unit cell was used in designing the DAC.

The least significant bit (LSB) has one unit current source, the next significant

bit has two unit current sources connected in parallel, and so on. The reference

current Iref is applied externally through a diode-connected transistor Mref- The

voltage developed across it is applied to the gate and source of the current source

transistors which provide the currents. In each successive current source idealy, the

size and current doubles when moving from LSB to MSB. For better matching

and ease of layout and optimal density, 63 identical unit cells with non-minimum,

non-weighted transistors were used.

3.3.1 Effects on Sizing

Current Sources

When designing the transistor sizes of the current source part of the unit cell,

A effect, transistor mismatches, and optimal minimum area were considered.
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Figure 3.9: Six-bit binary-weighted current mirror
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By using different SPICE models available from 2 fim MOSIS's process, A effect

versus the transistor length was simulated. The range of the values of A for these

models are from 0.022 - 0.063 voH~^. It is quite obvious, both from theoretical

calculations and from simulated results, that the transistors with smaller L values

are more sensitive to A effect. The curves of simulated A versus transistor lengths

for various models are given in Figure 3.10. Figure 3.11 shows the A variation

versus diflFerent values of L using the extracted DAC's SPICE model N02T. An

examination of Figures 3.10 and 3.11 show that the knee of the curve occurs

around an L of 10 /zm. For L values less than 10 /zm, A increases exponentially.

Therefore, the smallest reasonable L value for best channel modulation effect was

chosen to be 10 /zm.

According to [11], transistors with W and L values of 10 fim and larger will have

the least amount of mismatch due to lithographic differences. From the previous

mismatch discussions the worst case AVF and AL were estimated to be 0.03 fim.

Hence, the worst case W/L mismatch will be [W AW)f {L — AL). In this case by

using transistors oiW =■ 10/zm and L = 10/zm, the transistor W/L ratio difference

due to mismatch will only be 0.602%. Therefore, for least A effect, better mismatch,

and minimum area the unit current source, and the reference diode of the DAC

are made up of a 10 /zm wide and 10 /zm long n-channel transistors.

Switches

The design considerations used in sizing the differential pair switches of the

unit cell were 1) minimum ON resistance while operating in the linear region, 2)
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Lambda versus L of Different SPICE Models
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1 Lanbda.chlp
2 Lanbda_n98X
3 Lambda_rt9?Q
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50.0

0.0
0.0 20.0 40.0

Figure 3.10: X{volt variation versus transistor lengths {fim) for three different

SPICE models
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Lambda versus L - SPICE Flodel N02T
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Figure 3.11: A {volt variation versus transistor lengths {fim)of the chip - SPICE

model N02T
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optimal layout subject to constraints of area, and 3) minimum feedthrough current.

As shown in Equation 3.14, Ron is inversely proportional to W/L of the switch

es. Therefore, for lowest output impedance, minimum L value and large W value

should be used. But by using very large W, the gate capacitance increases which

results in a larger feedthrough current. In order to realize a fast settling time, the

stray capacitance at the output node should be small. The stray capacitance at

the common source node should also be small to minimize the recovery time of

the voltage at this node during the switching transition. This can be achieved by

using small-sized transistors for the current source and the current switch. How

ever, short-channel devices decrease the output impedance, and consequently, the

linearity is degraded. For this reason the L value of the current source transistor

was chosen as 10 fim instead of 2 fim. The switch part of the unit cell is made

up of a 10 fim wide and 2 //m long n-channel differential pair transistors. This

size transistors have better aspect ratio and minimum area, which is more optimal.

Thus, by using this transistor size, there is a reasonable compromise between lower

Ron, better optimized layout, and small feedthrough current.

Substituting (Xq = 608.8 cm?fV.s, Cox = 8.48 x 10~® F/cm?, = 10 fim,

= 2 /xm, and Vt = 0.779 V in Equation 3.14 for output current of 1 pi A and

Vga,^-y = 1.526 F, the Ron of the switch is equal to 5.18 KVi. The ON resistance

of the switches at the maximum output current of 209.6 pi A and Vgs,^^ = 2.376 F,

is equal to 2.42 KU. Therefore, Ron of the switches operating in the linear region

is between 2.42 - 5.18 KVl.
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3.3.2 Layout Detail of Six-Bit D/A Converter

Chip layout is critical to the performance of a high precision analog circuit, the

considerations for planning the DAC network layout were aimed at minimizing

1) area, 2) mismatches, 3) voltage drop on the Fss ground bus, and 4) latchup

possibilities. These considerations have been applied in the DAC network layout

as shown in Figure 3.12.

The six-bit current DAC has been integrated in a 2 fim double-metal, single-

poly CMOS technology. The DAC is made up of 63 unit cells and a reference diode.

The repetitive nature of the circuitry has simplified the layout. The compactness

of the layout of a unit cell is very important in minimizing the area of the network,

since the same cell is replicated 63 times for the full network. For better density of

the DAC, minimum spacing according to the layout rules was used in laying out

the unit cell and similarly the network. By using 63 unit cells instead of weighted

current sources, the current mismatch is minimized.

For better latchup performance the differential pair switch part of the DAC

network is surrounded by n-well guard rings. The current sources are surrounded

by another n-well ring, which is separated from the guard ring of the switches by

a n-|- diffusion guard ring. The n-well guard rings are connected to Vss supply

and the n-f- diffusion ring is connected to Vdd supply. To minimize voltage drop

on the ground bus, a 20 fim wide metall bus was chosen, and also the bus was

connected from both ends to Vss pads on the chip. A unit cell layout is shown in

Figure 3.13.

56



bit 4

bit 3

bit 2

'■-11:1! n-rL.-^«11 ii;!4l
«»^ -ttC< i 1 ■ ^ !I

Ilia

»»1 ■ 11;.I

iJfri!

:t^.rs
•ih:] ^ I

sm i

II
oi

:i
:iTr-!
11

r̂Ki

;ii — :-*»l
1^ }

"hi
I! ni I

MM

Oi I
-If

frti ric
11

11 irf

HrM" »^ HDIC11 ri ^.'if
• i fi L. £
!•*I I tl i^.TT
I I iHl l!

-ttiJ

-i-i-tt'L:|1 &'.lr

I j

u ^«4

115''i 1-^
.'S iX li'l 'iii I1.1: on I-;!!

Ol"!
"vMl

i
<^4'

bitO

Iref

.1
II

HI
11

HI
t-4 m

!^Hii:
111

Hir:
rt

1 ^ Hi:.u
IIMw i±il L ^ i-r- - «

f'. f.£iir^

1.^1 }
ni:

III:

IT! 1
nx

m

!ii: «i i

nxh
ir

.j

txi
::ix-:3!rwi I

IXh »«-l

11
fKl 1

ni:
Ui f

nx
ZZ\ IHr!

lii f
nilT
ni: — ^ )

bit 5

Figure 3.12: Layout of a six-bit current source DAC



->

>«(bta

-

-

.a

Figure 3.13: Layout of a unit cell current source



The size of the DAC is 298 ̂ mx 1079 fim. In Figure 3.12, the left half of the

DAC has the first five input bits of the network and the right half has the 32 unit

cells for the MSB input. The LSB of the DAC consists of a single unit cell. The

second, third, fourth, and fifth input bits have two, four, eight, and sixteen unit

cells respectively.

In the layout of the switches, extra area was allowed for the connection to the

input signals and connection to the other switches in the case of the higher input

bits.

3.4 SPICE Simulations and Calculations of Expected Performance

3.4.1 Minimum Output Voltage (Vout(min.))

The simulated Kut(mtn.) curves using three different extracted SPICE models of

2 fjm MOSIS process, for a unit cell are given in Figure 3.14. At the lower output

currents, the Vout(min.) of a unit cell using different models has similar performance,

but at higher lout values the different models behave differently. Curve number

1  is the simulation result using the extracted model of the DAC chip. These

curves were generated by sweeping the reference current source /re/, and the drain

voltage of the switches, when one switch is ON and the other OFF. These curves

represent the minimum output voltage required for the current source transistor

to be in saturation. At voltages below Vout(min.) for a given output current, the

current source will be operating in the linear region and therefore would not be a

good current source.
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VoutCmin.) Using Different SPICE tlodels

4.0

1 Vm.chlp
2 Vm_t198X
3 Vm_M9?Q

2.0

0.0
200.0100.0

-6

0.0

lout

Figure 3.14: Simulated Vout(min.){volt) versus /o„((/iA) using three different ex

tracted SPICE models of different chips in 2 /im MOSIS process.
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The simulated and calculated Vout(min.) of a unit cell using three different SPICE

models are given in Figures 3.15, 3.16, and 3.17. The calculated curves represents

Equation 3.27. The calculated curve in Figure 3.15 represents the Vout(min.) when

Vin = 5 F, = 0.779 V, ifioCo.) = K, = 5.167 x 10"^ A/volt\ W, = L, =

= 10 /xm, and =2 fim. The calculated data are equal to the simulated

ones as long as the switch is operating in the linear region with low Vj,,. The

simulated data represent the switch operation both in the linear and the saturation

regions, but in the calculated equation it was assumed that the switch will be

operating in the linear region for the calculation of Vout(min.)- Because of this

different representation of the switch operating point and also since A effect was

ignored in the calculated equation, the calculated curve deviates from the simulated

one at higher output currents and Vdsi voltages.

A sample SPICE netlist, along with the different SPICE models used for this

simulation can be found in the Appendix A.

3.4.2 Maximum Output Current (Iout{max.))

The simulated and calculated Iont(max.) curves for the three different SPICE

models are shown in Figures 3.18, 3.19, and 3.20. The simulated Iout{max.) range

is 131.7 - 209.6 /xA. huHmax.) is defined as the maximum output current of a

unit cell before the current source transistor M, goes out of the saturation region

of operation. This is the current when Vj,, = - VJ,. Iout(max.) was found

by sweeping the input reference current source for different values of Irej- From

Equation 3.30, the calculated values of Iout(max.) were found. Since fioCox —
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VoutCmln.) of Chip - SPICE Hodel N02T

4.0

1 Vmln.slm
2 Vmln.cale

2.0

0.0
200.0100.00.0

lout

Figure 3.15: Simulated and calculated Vout{min.) {volt) of a unit cell versus lout

ifxA) (SPICE model N02T).
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VoutCmln.) - SPICE flodel I19PQ
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Figure 3.16: Simulated and calculated Vout(min.) (volt) of a unit cell versus lout

ifiA) (SPICE model M97Q).
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VoutCmin.) - SPICE nodel n98X
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Figure 3.17: Simulated and calculated Kut(mm.) {volt) of a unit cell versus lout

ifiA) (SPICE model M98X).
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lout (max) of Chip - SPICE riodel N02T

9000/200 3.6 25 C
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Figure 3.18: Simulated and calculated Iout(max.) of a unit cell (SPICE model

N02T).
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lout (max) - SPICE Hodel n97Q
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Figure 3.19: Simulated and calculated Iout(max.) of a unit cell (SPICE model

M97Q).
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lout (max) - SPICE flodel n98X
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Figure 3.20: Simulated and calculated Iout(max.) (/^^) of a unit cell (SPICE model

M98X).
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VJ, and other process parameter of the three SPICE models are not the same, the

simulated and the calculated lout(max.) values are not the same. By plotting the

-Vt) with respect to lout and Vj, with respect to lout on the same plot, the

cross point of the two curves is the Iout{max) point of the respective input current.

The simulated and calculated Iout(max.) values of the dilferent models are within

±12 fiA of each other. This shows a good correspondence between the simulated

and the calculated values.

A sample SPICE netlist used for this simulation can be found in the

Appendix B.

3.4.3 Calculated Non-Linearity of the DAC

For calculating AA, A = 3.504 x 10~^(i;o/t ^), AL = 0.03 /xm, and L = 10 /xm

have been substituted in Equation 3.55. The calculated AA is equal to 1.051 x 10 ^

volt~^. From Equation 3.56 for values of ̂ Vg!^Vt) ^ — 0.779 V, A^/^ = 0.05,

AV; = 0.06 V, Vgs = 3.403 V, and Vds = 2.624 V at Iout(max.), ̂  is calculated to be

0.096. From Equation 3.63 worst case non-linearity is calculated to be ±0M3LSB.

For values of (Vp, - Vt) ~ 0.5AVi and Vj, = 5 V, the differential non-linearity is

equal to ±Q.05LSB.

In the case of this design, the worst case differential non-linearity of the six-bit

DAC is calculated to be ±0.363LSB, which is less than ±1LSB. This will allow the

DAC to be monotonic. This calculation was done for minimum and minimum

Vds which would contribute the maximum error due to mismatch. By operating

the DAC at maximum Vgs and Vds, the effect of mismatch on linearity can be
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minimized. In this way, by using the mismatch data, the performance of a DAC

is predicted.

3.4.4 Simulated AC Characteristics of the Switches

The simulated AC characteristics of the switches of a unit cell, at different

input reference currents are shown in Figures 3.21, 3.22, 3.23, 3.24, 3.25, 3.26,

3.27, and 3.28. These curves were generated by switching the input voltages of

the differential pair transistors, with a rise/fall of 2 ns and a pulse width of 20 ns,

for different input reference currents.

Due to the inequality of the gate capacitance of the switches in diflFerent regions

of operation, during input transition of the switches, Vda of the current source will

have a voltage spike due to feedthrough current. Figures 3.21, 3.23, 3.25, and 3.27

show the Vda voltage change at different input reference currents. The maximum

voltage change of 1.128 V and the minimum voltage change of 0.4 V occur at input

currents of 209.6 fiA and 1 fiA respectively.

As the Vda of the current source changes, there is also a change in the lout

and T^t currents. Figures 3.22, 3.24, 3.26, and 3.28 show the over-shoots and

the under-shoots of the output currents as the result of feedthrough currents, for

different values of /re/. The maximum over-shoot of 75.3 fiA and under-shoot of

7.964 fiA were seen at Irej = 209.6 fim, but these current spikes axe less than

ILSB. In the case of /re/ = 1 and 28 /xm the voltage spikes smaller but greater

than ILSB current.

A sample SPICE netlist used for this simulation can be found in the
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5.0

RC Simulation of a Unit Cell - SPICE Model N02T

9000/200 3.6 25 C 16:12 02/04/94

1 Vin

2 Vinb

10

1 Vdsl

3500.0

3

3000.0

0.0 —T

0.0 20.0 40.0

t ime

60.0

1 1 - f 1 T
/

I I

10
-9

Figure 3.21: Effect of feedthrough current on the drain voltage of the current

source transistor Mj of a unit cell at Iref = I fiA (SPICE model N02T).

70



RC Simulation of a Unit Cell - SPICE Hodel N02T

1 Vln

2 Vlnb

10

1 lout

2 loutl)
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Figure 3.22: Effect of feedthrough current on the output currents lout and lout of

a unit cell at /„/ = 1 nA (SPICE model N02T).
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RC Simulation of a Unit Cell - SPICE flodel N02T

1 Vin

2 Vinl)

3.5
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10
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Figure 3.23: Effect of feedthrough current on the drain voltage of the current

source transistor Mj of a unit cell at Irej = 28 fiA (SPICE model N02T).
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RC Simulation of a Unit Cell - SPICE Model N02T

1 Vln

2 Vlnb
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Figure 3.24: Effect of feedthrough current on the output currents lout and lout of

a unit cell at Iref = 28 nA (SPICE model N02T).
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OC Simulation of a Unit Cell - SPICE Hodel N02T

1 Vin

2 Vinh

3.0
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16:34 02/04/94
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Figure 3.25: Effect of feedthrough current on the drain voltage of the current

source transistor Mj of a unit cell at Iref = 109 fiA (SPICE model N02T).
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RC Simulation of a Unit Cell - SPICE Model N02T

1 Vln
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Figure 3.26: Effect of feedthrough current on the output currents lout and lout of

a unit cell at Ire} = 109 ptA (SPICE model N02T).

75



OC Simulation of a Unit Cell - SPICE Hodel N02T

9000/P00 3.6 25 C 16:12 02/04/94
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Figure 3.27: Effect of feedthrough current on the drain voltage of the current

source transistor Mj of a unit cell at Iref = 209.6 iiA (SPICE model N02T).
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fiC Simulation of a Unit Cell - SPICE Model N02T
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Figure 3.28: Effect of feedthrough current on the output currents lout and lout of

a unit cell at Iref = 209.6 //A (SPICE model N02T).
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Appendix C.

3.4.5 Simulated Output Impedance of a Unit Cell

The simulated Tout of a unit cell using different SPICE models are given in Fig

ures 3.29, 3.30, and 3.31. Figure 3.32 gives the Tout of the unit cell for different

SPICE models plotted on the same graph. These simulations are as the result of

AC analysis of the output voltage, while sweeping the gate voltage of the current

source. As shown in the Figures 3.29, 3.30, and 3.31, the output impedance of

the unit cell is quite large at low output currents, when v.. of the current source is

small and becomes smaller at higher output currents. This is due to the fact that

Tout is inversely proportional to lout- The slope of the curve is quite constant till

the current source transistor switches from operating in the saturation region to

the linear region. At this point there is a larger change in the output resistance of

the unit cell as the output current increases. At higher output currents, when the

current source is operating in the linear region, the current source is not a very

good current source.

As shown in Figure 3.32, due to variation in the SPICE models the current

source transistor mode of operation switching varies from model to model; and the

variation in the output impedance of the different models is not too large.

A sample SPICE netlist used for this simulation can be found in the

Appendix D.
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1 max(real<l/
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Output Impedance of a Unit Cell (rout) - SPICE Model N02T

22:24 OP/03/94

»

2.0 4.0

sweep (1,5)

Figure 3.29: Simulated output impedance, rout(f2) versus the Vgs{V) of the current

source of a unit cell (chip SPICE model N02T).
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Output Impedance of a Unit Cell (rout) - SPICE Model MSP'Q

22:21 02/03/94

(1<vro>>>

2.0 4.0

sweep (1,5)

Figure 3.30: Simulated output impedance, rout{^) versus the Vgs(V) of the current

source of a unit cell (SPICE model M97Q).
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Output Impedance of a Unit Cell (rout) - SPICE Model M98X

OO/POO 3.6 25 C 22:25 02/03/94

1 max (real (IV
5
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2.0 4.0

suteep (1,5)

Figure 3.31: Simulated output impedance, rout{^) versus the Vgs{V) of the current

source of a unit cell (SPICE model M98X).
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Output Impedance Crout) of a Unit Cell Using Different SPICE Models

22:46 0P'/03/9<
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Figure 3.32: Simulated output impedance, ro„t(fl) versus the Vgs{V). Curve 1 uses

M98X model, curve 2 uses M97Q model, and curve 3 uses N02T (extracted chip)

model
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CHAPTER 4

EXPERIMENTAL RESULTS

The previous chapter presented the design detail and theory of operation of

the six-bit current source DAC. In this chapter, experimental results showing the

performance of the DAC are given. The DAC was fabricated in 2 fim MOSIS

process. Four chips were received and three were fully functional.

4.1 Test Setup of the DAC

Figure 4.1 shows the block diagram of the test setup of the six-bit current DAC.

As shown in Figure 4.1, the test setup consists of a six-bit dip switch, an HP4145B

Semiconductor Parameter Analyzer, an external power supply to power the digital

circuits of the chip, and the device under test (DUT). This setup allowed the

forcing of current into the DAC at Iref and measuring the voltage at that node.

Voltages were forced at lout and lout and the currents were measured. Through

source monitor units SMU2 and SMU3 voltages between 0 and 5 V were forced into

the DAC at nodes lout and lout in 0.5 V increments. The input reference current

Iref of SMUl was swept from 1 to 217 fiA in steps of 27 fiA. The input codes were

set using the dip switches, and the currents lout and lout were measured. For each

input combination, a total of 121 data points were taken per DAC.

The testings were semi-automated through the use of HP4145B for sweeping
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Figure 4.1: Block diagram of the test setup using HP4145B
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voltages and current, but the switching of the input bits was done manually. The

measured data was then transferred over the network to a computer where it was

processed.

4.2 Input Reference Current (Ire/) Versus Reference Voltage (Ke/)

Figure 4.2 shows the reference voltage Ke/ versus the input current Iref of the

diode connected transistors of each of the DACs on Chipl, Chip2, and Chip3. The

reference voltage is the Vgs and Vds of the reference transistor as shown in

Figure 3.1. This measurement was done by injecting a sweep of current from 1 to

271 fiA into Iref and measuring the voltage at that node.

4.3 Voltage-Current Characteristics and Output Impedance of a Unit

Cell

The voltage-current characteristics of the LSB unit cell in each DAC are given

in Figures 4.3, 4.4, and 4.5. These plots were generated by sweeping the reference

current supply from 1 to 271 fiA in 27 /xA increments, while the output voltage

supplies were swept from 0 to 5 V in steps of 0.25 V. These measurements were

done using the LSB input code of 000001.

Figures 4.3, 4.4, and 4.5 show that the current source transistor, on each chip

moves from the linear region of operation to the saturation region at Vout(min.)- This

is when the vertical part of the curve changes to the horizontal. The measured
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Vref vs. Iref

4.0

1 Vrcfl

2 Vrcf2
3 Vrcf3

2.0

0.0 100.0 200.0

Iref

Figure 4.2: K-e/ (V) versus Irej (/^•^) of Chipl, Chip2, and Chip3
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Unit Cell VoItage-Current characteristics
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Iout_l

200.0

0.0
0.0 2.0 4.0

Vout

Figure 4.3: Unit cell output characteristics of Chipl
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Unit Cell VoItage-Current characteristics
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Iout_2

200.0

0.0
0.0 2.0 4.0

Vout

Figure 4.4: Unit cell output characteristics of Chip2
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Unit Cell VoItage-Current character 1stics
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Iout_3

200.0

0.0
0.0 2.0 4.0

Vout

Figure 4.5: Unit cell output characteristics of Chip3
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saturation points at Kut(mtn.) on each chip matches the theoretical and simulated

results, as were discussed in the previous chapter.

Although it appears that the unit cell is operating properly at higher /re/

currents after the output current passes Iout(max.)i the switch transistors will be

operating in the saturation region and the current source transistor will no longer

be operating in the saturation region. The current will therefore depend on the

value of the switch gate voltage.

The output impedance of the unit cell was determined by calculating the slope

of the family of the current curves at a Vout voltage of 4.5 V. Figures 4.6, 4.7, and

4.8 give the output impedance, rout versus the reference current of each DAC's

unit cell. The output impedance plots of each DAC match very closely with the

simulated results presented in the previous chapter.

4.4 Transfer Characteristics of the DAC

For the representation of the transfer characteristics of each DAC, only four

current levels per DAC are reported here. The input reference currents were swept

from 1 to 271 fiA in steps of 27 //A, while the output voltage at lout and hut

were swept from 0 to 5 V in increments of 0.5 V. The transfer characteristics are

reported here for input reference currents of 1, 28, 109, and 217 fiA.

Figures 4.9, 4.10, and 4.11 give the transfer characteristics of /<,„<, hut, and

{hut -TZt) for Ilsb =1 f^A, for all three DACs at Vout voltages of 1 and 5 V.

From these transfer characteristics plots, it is clear that the analog output of the
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Unit Cell Voltage-Current characterIstlcs

10

RoutZ

10"
100.0 200.0

Iout2

Figure 4.7: Tout {^) versus lout (fiA) - Chip2
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Unit Cell VoItoge-Current characteristics
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Figure 4.8: rout versus lout - Chip3
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LSB luR

1 Iol_5V
2 Iobl_5V
3 lol.lV
4 Iobl_lV
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1_1V>

20.0 40.0 60.0
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Figure 4.9; Transfer characteristics of DAC on Chipl at Ilsb = 1 fJ-A, Vout = 1,5F
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LSB luR
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Figure 4.10: Transfer characteristics of DAC on Chip2 at Ilsb = 1 Vout = 1, hV
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Figure 4.11: Transfer characteristics of DAC on Chip3 at I^sB = 1 Kut = 1,5V
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DAC is not monotonic at 1 /xA. This type of behavior is independent of the output

voltage.

Figures 4.12, 4.13, and 4.14 give the transfer characteristics for Ilsb =28 pi A.

Unlike the results for Irej = 1 pA, at 28 piA the DAC is monotonic. As shown

in these plots, the transfer characteristic curves are quite smooth, and the output

current increases as the input code increases. The output current at output voltage

of 1.5 V is not completely the same as the 5 V results, mainly due to A effect, and

the fact that the differential pair switches will no longer be operating in the linear

region at the output voltage of 5 V.

Similarly, Figures 4.15, 4.16, and 4.17 show the transfer curves for Ilsb =109

piA and Vout voltages of 2.5 and 5 U, and Figures 4.18, 4.19, and 4.20 represent

Ilsb =217 piA and Vout voltages of 3 and 5 V. The DAC is monotonic at 109 pA,

and nonmonotonic at 217 pA, as shown in the plots. Since the higher input current

measurements required higher Vout(min.) values, the A effect is minimized due to the

fact that the Yds of the current sources are higher. Therefore, the transfer curves

at 109 pA currents for different voltages are almost equal. Ilsb = 109 pA is just

below the simulated and calculated Iout(max.)i where the current source transistors

are still in the saturation region. At Ilsb = 217 pA, the current source transistors

are no longer in the saturation region and will be operating in the linear region.

And at higher output voltages the switch transistors are no longer in the linear

region and will be operating in the saturation region.

In summary, the DAC does not have a good transfer characteristics at low input

currents of 1 /xA, or above Iout(max)-
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Figure 4.12: Transfer characteristics of DAC on Chipl at Ilsb = 28 //A,

Vout = 1.5,5 V

98



LSB 28ufi

2.0

ID

1 Io2_5V
2 Iob2_5V
3 Io2_1.5V
4 Iob2_1.5V

0.0

2.0

10-^
1 ao2_5V-Iob

2 CIo2_1.5V-I

0.0

-2.0

2_5V>
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Figure 4.13: Transfer characteristics of DAC on Chip2 at Ilsb = 28 /iA,

Vout = 1.5,5 V
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Figure 4.14: Transfer characteristics of DAC on Chip3 at Ilsb = 28 fiA,

= 1.5,5V
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LSB 109uR

8.0

10"^
1 Iol_5V

2 Iobl_5V
3 Iol_2.5V
4 Iobl_2.5V

0.0

10.0

10-^

2 aol_2.5V-I

0.0

-10.0
0.0

1_5V>

Jbl_2.5V>

20.0 40.0 60.0

code

Figure 4.15; Transfer characteristics of DAC on Chipl at Ilsb = 109 fiA,

Vout = 2.5,5V
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LSB 109uR
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Figure 4.17: Transfer characteristics of DAC on Chip3 at Ilsb = 109 /iA,

=2.5,5y
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Figure 4.18: Transfer characteristics of DAC on Chipl at Ilsb = 217 fiA,

Vout = 3,5V
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Figure 4.19: Transfer characteristics of DAC on Chip2 at IisB = 217 fiA,

Vout = 3,5V
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Figure 4.20: Transfer characteristics of DAC on Chip3 at Ilsb = 217 //A,

=3,51/

106



4.5 Differential Non-Linearity

Differential Non-Linearity (DNL) is a measure of the maximum deviation of

actual step size from the ideal ILSB. The measured DNL of each DAC for four

different combinations of reference currents and output voltages are described here.

A DNL better than ±1LSB will guarantee monotonicity.

Figures 4.21, 4.22, and 4.23 give the DNL of lout-, hut-, and [hut — hut) for

Chipl, Chip2, and Chip3 respectively, when the input current is 1 ptA and the

output voltage is 1 V. As shown in these plots, the DNL of the DACs at this

measured point is much larger than ±1LSB. This means that the DACs are not

monotonic at this measured point. The best curves among these measurements are

the DNL of [hut — hut)-, which is about ±4.5LSB. As shown in Figures 4.24, 4.25,

and 4.26, the DNL measurements of the DACs are not any better for Vout = 5 1^.

The DNL of the DACs for he} = 28 pA at both output voltages of 1.5 and 5 V,

are a lot better than the results for the 1 pA input current. Figures 4.27, 4.28, and

4.29 give the DNL of the DACs at he} = 28 pA and Vout = 1-5 V. Figures 4.30,

4.31, and 4.32 give the DNL results at /re/=28 pA and Vout — ̂ V. The worst case

DNL at both output voltages of the hut among all three chips is -f-0.247LSB and

-0.335LSB. The DNL of 7^ is +0.279LSB and -0.282LSB. DNL for {hut-h^t)

is between -i-0.134LSB and —0.162LSB. The over all worst case DNL at 28 pA is

±0.335LSB, which confirms the theoretical prediction of ±0.363LSB.

The DNL of the DACs for 109 pA current was much better than the results

of 28 pA input current with the exception of the spikes that were seen at the full
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Figure 4.21: Differential non-linearity of DAC on Chipl at Ilsb = 1 /^A, Vout = iV
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Figure 4.22: Differential non-linearity of DAC on Cliip2 at Ilsb = 1 Kut = IV
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Figure 4.23: Differential non-linearity of DAC on Chip3 at Ilsb = 1 Vout = IV
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Figure 4.24: Differential non-linearity of DAC on Chipl at Ilsb = 1 A'A, Vout = SV
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Figure 4.25: Differential non-linearity of DAC on Chip2 at Iisb = 1 A, Vout =
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Figure 4.26: Differential non-linearity of DAC on Chip3 at Ilsb = 1
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Figure 4.27: Differential non-linearity of DAC on Chipl at Ilsb = 28

Vout = 1.5 V
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Figure 4.28: Differential non-linearity of DAC on Chip2 at Ilsb = 28 //A,

Vout = i.sy
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Figure 4.29: Differential non-linearity of DAC on Chip3 at Ilsb = 28 //A,

Vout = 1-5V
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Figure 4.30: Differential non-linearity of DAC on Chipl at Ilsb = 28 fiA,

Vout = 5y
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Figure 4.31: Differential non-linearity of DAC on Chip2 at Ilsb = 28 //A,

Kut = 5F
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Figure 4.32: Differential non-linearity of DAC on ChipS at Ilsb = 28 )uA,

V^ut = sv
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scale outputs. Figures 4.33 through 4.38, give the DNL of the DACs at Iref = 109

fiA for both output voltages of 2.5 and 5 V. The maximum DNL of the lout is

+0.067LSB and -0.561LSB. The DNL of 7^ is +0.107LSB and -1.123LSB. DNL

for (lout — lout) is between -1-0.055LSB and —0.551LSB.

The DNL of the DACs at 217 fiA input current was more than ±1LSB at high

output voltage of 5 V, as shown in Figures 4.39, 4.40, and 4.41. But the DNL

was less than ±1LSB for the lower Vout value of 3 F, as shown in Figures 4.42,

4.43, and 4.44. range of 1 to 271 fiA at output voltages of 1.5, 3, and 5 V, lout

versus Iref for Chipl, Chip2, and Chip3. The second set Iref- And the bottom set

of curves show the maximum DNL of To summarize, it is evident that the current

DAC has DNL of ±1LSB at currents ranged between 28 and 109 nA. Even at

higher currents than the Iout(max.) range; as long as the output voltages are lower

the DAC will have less than ±1LSB DNL.

4.6 Integral Non-Linearity

Integral Non-Linearity (INL) is a measure of the straightness of a DACs trans

fer function. This is the measure of how far the points deviate from a reference

straight line drawn through them as a group. For measuring the INL of the DAC,

the best-fit straight line technique was chosen. The measured INL of each DAC

for four different reference currents are reported. The INL values were obtained

by determining the output current for each sequential input.

Figures 4.45, 4.46, and 4.47 give the INL of /out, huti and [lout — hut) for
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Figure 4.33: Differential non-linearity of DAC on Chipl at Ilsb = 109 fxA,

Vo^t = 2.5F
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Figure 4.34: Differential non-linearity of DAC on Chip2 at Ilsb = 109 fiA,

Vout = 2.5F
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Figure 4.35: Differential non-linearity of DAC on ChipS at Ilsb = 109 fxA,

Vout = 2.5V
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Figure 4.36: Differential non-linearity of DAC on Chipl at I^sB = 109 fiA,

Vout = 5V
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Figure 4.37: Differential non-linearity of DAC on Chip2 at Ilsb = 109 /xA,

Vout = 5V
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Figure 4.38: Differential non-linearity of DAC on ChipS at Ilsb = 109 /xA,

Vout = 5V
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Figure 4.39: Differential non-linearity of DAC on Chipl at Ilsb = 217 //A,

Vout = 5V
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Figure 4.40: Differential non-linearity of DAC on Cliip2 at IisB = 217 fiA,

Vout = sv
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Figure 4.41: Differential non-linearity of DAC on ChipS at Ilsb = 217 fiA,

Vout - 5F
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Figure 4.42: Differential non-linearity of DAC on Chipl at Ilsb = 217 fiA,

Vout = 3V
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Figure 4.43: Differential non-linearity of DAC on Cliip2 at IisB = 217 fiA,

Vout = sv
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Figure 4.44: Differential non-linearity of DAC on ChipS at Ilsb = 217 fiA,

V^t = 3V
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Figure 4.45: Integral non-linearity of DAC on Chipl at Ilsb = 1 Kut =
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Figure 4.46: Integral non-linearity of DAC on Chip2 at Ilsb = 1 A'A, Vout = IV

134



INL LSB lun

J

D —

D

,r\r'lA Ail A AAA Ai /
V ^r 1/1 AAA'V1J VU

J

i

Si■y fA Ay I -N. .

fj V \J Lfu ' V/

J

■\ f ■A A  , /
'/J V \J > \ -AA V  ij Vy
0,0 60.020.0 40.0

code

Figure 4.47: Integral non-linearity of DAC on Chip3 at Ilsb = 1 Kut = IV
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Chipl, Chip2, and Chip3 respectively, when the input current is 1 fiA and the

output voltage is 1 V. As shown in these plots, the INL of the DACs at this

measured point is much larger than ILSB. This means that the DACs are not

monotonic at this measured point. The best curves among these measurements

are the INL of {lout — hut), which has the worst case INL of about ±2.8LSB. As

shown in Figures 4.48, 4.49, and 4.50, the INL of the DACs are not any better

for Vout = 5 V.

The INL of the DACs for Ire/ = 28 ft A at both output voltages of 1.5 and 5 V,

are a lot better than the results for the 1 /lA input current. Figures 4.51, 4.52, and

4.53 give the INL of the DACs at Ire/ = 28 ft A and Vout = 1.5 F, and Figures 4.54,

4.55, and 4.56 give the INL results at /re/=28 fiA and Vout = 5 V. The worst case

INL at both output voltages of the hut among all three chips is +0.175LSB and

-0.175LSB. The INL of lout is +0.220LSB and -0.180LSB. INL for {hut - hut) is

between +0.104LSB and —G.093LSB. Therefore, INL of the DAC at 28 /lA is less

than ±0.5LSB.

The INL of the DACs at he/ = 109 fiA for both output voltages of 2.5 and 5

V are shown in Figures 4.57, 4.58, 4.59, 4.60, 4.61, and 4.62. The maximum

INL of the hut is +0.073LSB and -0.649LSB. The INL of 7^ is +0.897LSB and

—0.058LSB. INL for {lout — hut) is between +0.483LSB and —0.305LSB.

The INL of the DACs at 217 fiA input current was more than ±1LSB at high

output voltage of 5 V, as shown in Figures 4.63, 4.64, and 4.65. But the INL was

less than ±0.5LSB for the lower output voltage of 3 V, as shown in Figures 4.66,

4.67, and 4.68.
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Figure 4.48: Integral non-linearity of DAC on Chipl at Ilsb = 1 Ku< =
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Figure 4.49: Integral non-linearity of DAC on Chip2 at Ilsb = 1 A'A, Vout = 5V
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Figure 4.50; Integral non-linearity of DAC on Chip3 at Ilsb = 1 A'A, Vout = 5F
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Figure 4.51: Integral non-linearity of DAC on Chip! at Ilsb = 28 /xA, Kui = l-SV

140



INL LSB 28uP

200.0

IniaiSj.SV)
0.0

-200.0

400.0

-3

lnlbdSb2_1.5

0.0

'»■ n i \ rMyM\ /"v V V V/ I J L

100.0

lnl(ld82!l.5V
0.0

-100.0

1

"A A il A /M A \J\^
V j\- J V. r  V.

■jL. /I A /»—>v -A A AjiAJV' -J V r ^ / u

AA \
0.0 20.0 40.0 60.0

code

Figure 4.52: Integral non-linearity of DAC on Chip2 at Ilsb = 28 ft A, Kut = 1-5F
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Figure 4.53: Integral non-linearity of DAC on ChipS at Ilsb = 28 /xA, Vout = 1-5F
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Figure 4.54: Integral non-linearity of DAC on Chipl at Ilsb = 28 //A, Vout =
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Figure 4.55: Integral non-linearity of DAC on Chip2 at I^sb = 28 fiA, Kut = SV
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Figure 4.56: Integral non-linearity of DAC on Chip3 at Ilsb = 28 fxA, Vout = 5V
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Figure 4.57: Integral non-linearity of DAC on Chipl at Ilsb = 109 Kut = 2.51^
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Figure 4.58: Integral non-linearity of DAC on Chip2 at Ilsb = 109 fiA, Ku< = 2.51^
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Figure 4.59: Integral non-linearity of DAC on Chip3 at Ilsb = 109 /lA, Vout = 2.5V
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Figure 4.60: Integral non-linearity of DAC on Chipl at Ilsb = 109 /xA, Kut =
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Figure 4.61: Integral non-linearity of DAC on Chip2 at Ilsb = 109 fiA, Vout = SV
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Figure 4.62: Integral non-linearity of DAC on Chip3 at Ilsb = 109 Kut = 5F
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Figure 4.63: Integral non-linearity of DAC on Chipl at Ilsb = 217 fiA, Vout = SV
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Figure 4.64: Integral non-linearity of DAC on Chip2 at Ilsb = 217 fiA, Vout = SV
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Figure 4.65: Integral non-linearity of DAC on Chip3 at Ilsb = 217 fiA, Vout = 5F
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Figure 4.66: Integral non-linearity of DAC on Chipl at Ilsb = 217 fiA, Vout = 3V
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Figure 4.67: Integral non-linearity of DAC on Chip2 at Ilsb = 217 //A, Kut = 3^
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Figure 4.68: Integral non-linearity of DAC on Chip3 at Ilsb = 217 fiA, Kut = 3F
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To summarize the INL results, it is evident that the current DAC has integral

linearity of better than ±1LSB at currents ranges between 28 and 109 /iA. Even at

higher currents than the Iout{max.) range, as long as the output voltages are lower,

the DAC will have less than ±1LSB INL.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

This thesis has described the design and measurement of a six-bit current steer

ing digital-to-analog converter. The converter was implemented in a 2 /xm CMOS

process, and fabricated by the MOSIS service. Three of the four DACs were found

to be fully functional and were characterized over a range of reference currents and

output voltages. The DAC was monotonic above 1 /xA input current.

Figures 5.1, 5.2, and 5.3 summarize the maximum DNL versus Ire} of each

chip's DAC, over the input current range of 1 to 271 /xA at output voltages of

1.5, 3, and 5 V, respectively. The top set of the curves represent the maximum

DNL of lout versus Ire} for Chipl, Chip2, and Chip3. The second set of curves

represent the maximum DNL of lout versus Ire}- The bottom set of curves show

the maximum DNL of {lout — hut) versus he}- The differential non-linearity was

found to be less than ± 0.5LSB at input current of 28 /xA at all output voltages of

1 to 5 V. To summarize, it is evident that the current DAC has DNL of ±1LSB at

currents ranged between 28 and 130 /xA. Even currents above 130 fiA, (as long as

the output voltages are lower than 5V), the DAC will have less than ±1LSB DNL.

Figures 5.4, 5.5, and 5.6 summarize the maximum INL versus he} of each chip's

DAC, over the input current range of 1 to 271 /xA at output voltages of 1.5, 3, and

5 V, respectively. The top set of the curves represents the maximum INL of hut
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Figure 5.1: Maximum differential non-linearity plotted versus reference current of

each chip at Vout = 1.5V
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naxlmum flbsolute DNL Vs Iref at 3V
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Figure 5.2: Maximum differential non-linearity plotted versus reference current of

each chip at Vout = 3V"
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Figure 5.3: Maximum differential non-linearity plotted versus reference current of

each chip at Vout = SF

162



Maximum Absolute INL Vs Iref at 1.5V
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Figure 5.4: Maximum integral non-linearity plotted versus reference current of

each chip at Vout = 1.5V
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naximum Pbsolute INL Vs Iref at 5V
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Figure 5.6: Maximum integral non-linearity plotted versus reference current of

each chip at Vgut = 5F
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versus Irej for Chipl, Chip2, and Chip3. The second set of curves represents the

maximum INL of lout versus /re/. The bottom set of curves shows the maximum

INL of (lout — /out) versus /re/. To summarize the INL results, it is evident that

the current DAC hcis Integral Linearity of better than ±1LSB at currents ranges

between 28 and 109 fiA. Even at higher currents than the Iout(max.) range, as long

as the output voltages are lower, the DAC will have less than ±1LSB INL.

Therefore, integral and differential nonlinearity were found to be ±1LSB over

the current range of 28 to 130 fxA, and output voltage of 1 to 5 V. Based on this,

the implemented DAC will have good performance over these voltage and current

ranges.

The DACs AC performance was not measured due to nonfeasibility for measur

ing output current pulses directly without converting the DAC's output to voltage

by either resistor(s) or opamp(s).

Further work needs to be done in investigating the AC performance and to

design input buffers to switch the DAC at high speed with minimum glitch energy.
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APPENDIX A

SPICE Deck Used for the Simulation of Minimum

Output Voltage

vout.min.cki

.options ucb

.options map oneconn reltol=lp

Ml y.iref '/.iref 0 0 nfet L=10U W=10U

M2 •/.d2 y.iref 0 0 nfet L=10U W=10U

M3 y.io y.aO y.d2 0 nfet L=2U W=10U

M4 y.iob y.aOb y.d2 0 nfet L=2U W=10U

vbias '/.bias 0 dc=0

vio y,bias y,io dc=0

viob y,bias '/.iob dc=0

iref 0 y,iref dc=sweep(lu,301u)

.dc vbias 050.1

.sample 61

vaO XaO 0 dc=5

vaOb yaOb 0 dc=0

.post dc i(all)

.include model.N02T

.end
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*N02T SPICE LEVEL 2 PARAMETERS

.model nfet nmos

+ level=2 ld=0.250000u tox=407e-10 nsub=6.289058e+15

+ vto=0.779117 kp=5.167e-5 g2unma=0.5385 phi=0.6

+ uo=608.8 uexp=0.132101 ucrit=32110.5 delta=2.78717

+ vm2ix=60367.3 xj=0.25u lambda=3.503483e-2 nfs=4.387229e+12

+ neff=l nss=le+12 tpg=l #rsh=27.400000

+ cgdo=3.181644e-10 cgso=3.181644e-10 cgbo=5.524552e-10 cj=1.008e-4

+ mj=0.6448 cjsw=6.369e-10 mjsw=0.3454 pb=0.800000

* Weff = Wdrawn - Delta.W

» The suggested Delta.W is -0.43um

.model pfet pmos

+ level=2 ld=0.216440u tox=407e-10 nsub=7.113789e+15

+ vto=-0.77632 kp=2.210e-5 gamma=0.5728 phi=0.6

+ uo=260.5 uexp=0.296141 ucrit=33335.2 delta=4.383185e-5

+ vmaLX=34955.1 xj=0.05u lambda=5.714336e-2 nfs=l .OOOOOOe+11

+ neff=1.001 nss=le+12 tpg=-l #rsh=88.400000

+ cgdo=2.754540e-10 cgso=2.754540e-10

cgbo=6.116211e-10 cj=2.451e-4

+ mj=0.5473 cjsw=2.971e-10 mjsw=0.3131 pb=0.800000
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* Weff = Wdrawn - Delta.W

* The suggested Delta.W is -O.lDum

*M97Q SPICE LEVEL 2 PARAMETERS

.MODEL nfet NMOS LEVEL=2 LD=0.250000U TGX=381.OOOOOOE-10

+ NSUB=2.433000E+16 VT0=0.918934 KP=5.528000E-05 GAMMA=0.9816

+ PHI=0.6 U0=609.9 UEXP=0.235428 UCRIT=129971

+ DELTA=2.36199 VMAX=88054.1 XJ=0.250000U LAMBDA=2.204500E-02

+ NFS=2.575788E+12 NEFF=1 NSS=1.OOOOOOE+12 TPG=1.000000

* RSH=21.170000

+ CGD0=3.398764E-10 CGS0=3.398764E-10 CGBG=6.737632E-10

+ CJ=3.967000E-04 MJ=0.467900 CJSW=5.189000E-10 MJSW=0.404600 PB=0.800000

* Weff = Wdrawn - Delta.W

* The suggested Delta.W is 0.02 um

.MODEL pfet PMOS LEVEL=2 LD=0.225770U TGX=381.OOOOOOE-10

+ NSUB=4.807000E+15 VTG=-0.774249 KP=1.957000E-05 GAMMA=0.4407

+ PHI=0.6 U0=215.887 UEXP=0.113346 UCRIT=5004.07

+ DELTA=2.542239E-04 VMAX=44039.1 XJ=0.250000U LAMBDA=4.975166E-02

+ NFS=1.000000E+11 NEFF=1.001 NSS=1.OOOOOOE+12 TPG=-1.000000

* RSH=70.480000

+ CGDG=3.069355E-10 CGSG=3.069355E-10 CGBG=6.946509E-10
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+ 01.983000E-04 MJ=0.402400 CJSW=2.985000E-10 MJSW=0.342600 PB=0.700000

* Weff = Wdrawn - Delta.W

* The suggested Delta_W is 0.10 \iin

*M98X SPICE LEVEL 2 PARAMETERS

.MODEL nfet NMOS LEVEL=2 LD=0.198730U TGX=410.000000E-10

+ NSUB=2.409000E+16 VTQ=1.00626 KP=4.451000E-05 GAMMA=1.0618

+ PHI=0.6 U0=557.94 UEXP=0.302096 UCRIT=167069

+ DELTA=1.76363 VMAX=100000 XJ=0.250000U LAMBDA=6.333964E-02

+ NFS=6.793426E+11 NEFF=1 NSS=1.OOOOOOE+12 TPG=1.000000

* RSH=21.730000

+ CGD0=2.510646E-10 CGS0=2.510646E-10 CGB0=6.628741E-10

+ CJ=4.010000E-04 MJ=0.450500 CJSW=5.460000E-10 MJSW=0.378500 PB=0.800000

* Weff = Wdrawn - Delta.W

* The suggested Delta.W is 0.03 um

.MODEL pfet PMOS LEVEL=2 LD=0.250000U T0X=410.OOOOOOE-10

+ NSUB=4.988037E+15 VT0=-0.7303 KP=2.343000E-05 GAMMA=0.4831

+ PHI=0.6 U0=278.2 UEXP=0.14205 UCRIT=5200.88

+ DELTA=4.773721E-03 VMAX=42517.9 XJ=0.250000U LAMBDA=5.593900E-02

+ NFS=1.887233E+12 NEFF=1.001 NSS=1.OOOOOOE+12 TPG=-1.000000

* RSH=68.810000
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+ CGD0=3.158363E-10 CGS0=3.158363E-10 CGB0=6.228821E-10

+ CJ=1.865000E-04 MJ=0.403300 CJSW=2.872000E-10 MJSW=0.349500 PB=0.700000

* Weff = Wdrawn - Delta.W

* The suggested Delta.W is -0.14 um
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APPENDIX B

SPICE Deck Used for the Simulation of Mciximum

Output Current

lout(majc) of Chip - SPICE Model N02T

.options ucb

.options map oneconn reltol=lp

Ml 5Cref Xref 0 0 nfet L=10U W=10U

M2 •/.d2 y.ref 0 0 nfet L=10U W=10U

M3 '/.io y,aO y.d2 0 nfet L=2U W=10U

M4 y.iob y.aOb y.d2 0 nfet L=2U W=10U

vbias y,bias 0 dc=5

vio y.bias '/.io dc=0

viob '/.bias y,iob dc=0

iref 0 y,ref dc=250u

.dc iref lu 501u lOu

vaO y,aO 0 dc=5

vaOb XaOb 0 dc=0

.post dc i(all)

.include model.N02T

.end
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APPENDIX C

SPICE Deck Used for AC Simulation of the Unit Cell

AC Simulation of a Unit Cell - SPICE Model N02T

.options ucb

.options map oneconn reltol=lp

Ml 5iiref '/tiref 0 0 nfet L=10U W=10U

M2 y.d2 '/.iref 0 0 nfet L=10U W=10U

M3 y.io y.aO y.d2 0 nfet L=2U W=10U

M4 y.iob y.aOb y.d2 0 nfet L=2U W=10U

vbias y,bias 0 dc=5

vio y,bias '/.io dc=0

viob y,bias '/.iob dc=0

iref 0 y,iref dc=sweep(lu,271u)

.sample 11

vaO y,aO 0 dc=5 pulse(0 5 20n 2n 2n 20n 65n)

vaOb XaOb 0 dc=0 pulse(5 0 20n 2n 2n 20n 65n)

.tran In 65n

.post tran i(all)

.include model.N02T

.end
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APPENDIX D

SPICE Deck Used for the Simulation of Output
Impedance

Output Impedaince of a Unit Cell (rout) - SPICE model N02T

.options ucb

.options map oneconn reltol=lp

Ml Jiiref Jiiref 0 0 nfet L=10U W=10U

M2 •/.d2 y.iref 0 0 nfet L=10U H=10U

M3 y.io y.aO y.d2 0 nfet L=2U W=10U

M4 y.iob y.aOb y.d2 0 nfet L=2U W=10U

vbias y,bias 0 dc=5 AC=1

vio '/.bias '/.io dc=0

viob '/.bias '/.iob dc=0

vg y.iref 0 DC=sweep(l,5)

.sample 100

.ac DEC 10 100 lOOK

vaO XaO 0 dc=5

vaOb y,aOb 0 dc=0

.post ac i(all)

.include model.N02T

.end
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