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2.1 Introduction

In doing layouts for digital circuits, the speed and the area are the two most important issues.

In contrast, in doing layout for analog circuits, everything should be considered simultaneously. In

addition to the speed and the area, other equally critical considerations should be taken into account.

For example, for amplifier design, good matching in devices is necessary to minimize the

offset voltage, and good shielding is required to protect critical nodes from being disturbed. Without

proper layout, the mismatches and the coupled noise would be quite large and would significantly

degrade the performance of the amplifiers.

In this chapter, general guidelines in doing layout for analog integrated circuits will be

presented and discussed. Focus will be placed not only on the absolute values of components but also

on their matching and being protected from noise coupling.

2.2 Matching

There are many reasons why mismatches exist in integrated-circuit devices, the major of

which are listed as follows.

• Mask production and alignment

• Lateral diffusion (Fig. 2.1a)

• Over-etching / undercut (Fig. 2.1b)

• Boundary conditions (Fig. 2.1b)

• Non-uniformity

Accordingly, the following layout guidelines can be made to obtain good matching in terms of

the absolute values of the devices themselves and the ratio between any two devices.
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• Build large components out of many identical small units

• Consider boundary conditions for all components and use dummy if necessary

• Use common-centroid symmetry

• Use stacked layout for large devices

In the next few sections, specific layout issues for integrated-circuit devices, namely resistors,

capacitors, and MOS transistors, will be presented.

2.3 Resistor Layout

2.3.1 Structures

Integrated resistors can be implemented using different materials. Table 2.1 lists typical sheet

resistance, tolerance, and temperature coefficients for the mostly-used materials, namely polysilicon,

diffusion, and well.

Conductors Sheet Resistance Tolerance
Temperature

Coefficient

Polysilicon
20 - 50Ω/sq (non-silicide)

1 - 5Ω/sq (silicide)
Absolute: +/- 10 %

Matching: 2 %
500 - 1500 ppm/oC

Diffusion
15 - 30Ω/sq (for n+)
40 - 200Ω/sq (for p+)

Absolute: +/- 2 - 10 %
Matching: 0.1 - 0.5 %

500 - 1500 ppm/oC

Well 1 - 5 KΩ/sq (for n+)
Absolute: +/- 30 %
Matching: +/- 5%

~ 3000 ppm/oC

Table 2.1 Properties for different types of resistors

 Fig. 2.1 Effects of lateral diffusion (a) and over-etching or undercut (b)

etched layer

diffusion layer

lateral diffusion over-etching/undercut

SiO2 protection layer(a) (b)
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2.3.2 Absolute Values

For small resistors, straight segments can be used, and the resistance value can be obtained as

 (2.1)

 (2.2)

where L, W, t, Rsh, andρ are the length, width, thickness, sheet resistance, and sheet resistivity of the

segment, respectively.

For resistors with large values, serpentine structures as shown in Fig. 2.2 should be used. In

this case, each corner can be approximated as 0.50 to 0.55 squares, and each contact can be estimated

to contribute 0.14 squares. As an example, the structure in the figure should be approximately counted

as (6 x 4 + 5 + 5 x 2 x0.55 + 2 x 0.14) = 34.78 squares. Round corners contribute more resistance and

can be estimated more accurately than squared corners.

Typically, the variation in the sheet resistance is very small, and L >> W. From Eq. 2.1, the

error in the absolute resistance value can be obtained as

 (2.3)

For a given process,∆W is fixed, and as a result,the resistance error can be minimized by

maximizing the width W.
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 Fig. 2.2 A serpentine structure to achieve a large resistance
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2.3.3 Matching Ratio

To obtain good matching ratio between two resistors, all the techniques mentioned above can

and should be used, including common-centroid, boundary conditions, and shields. With proper

layout, resistors with 0.1% mismatches can be achieved. Figure 2.3 illustrates an example of a layout

for two matched resistors. Note that both common-centroid symmetry and dummy cells are used

there.

2.4 Capacitor Layout

2.4.1 Structures

In integrated circuits, capacitors can be readily obtained using parallel plates from any two

different layers. Table 2.2 lists the typical capacitance per unit area together with their tolerance for

different structures in a 0.8-µm MOSIS CMOS process.

 Fig. 2.3 An example of a layout for two matched resistors
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It is important to note that MOS capacitors using the gate oxide thickness can be used to

achieve large capacitance per unit area. However, these capacitors in general are highly dependent on

Structure Type Value Tolerance

Gate Oxide Plate Area (fF/µm2) 2.15 0.15

Poly to Substrate Over
Field Oxide

Area (fF/µm2) 0.058 0.004

Fringing per edge (fF/µm) 0.043

Metal-1 to Poly-Si
Area (fF/µm2) 0.055 0.004

Fringing per edge (fF/µm) 0.049

Metal-1 to Substrate
Area (fF/µm2) 0.031 0.001

Fringing per edge (fF/µm) 0.044

Metal-2 to Substrate
Area (fF/µm2) 0.015 0.001

Fringing per edge (fF/µm) 0.035

Metal-2 to Poly-Si
Area (fF/µm2) 0.022 0.001

Fringing per edge (fF/µm) 0.040

Metal-2 to Metal-1
Area (fF/µm2) 0.035 0.002

Fringing per edge (fF/µm) 0.046

Metal-3 to Substrate
Area (fF/µm2) 0.010 0.001

Fringing per edge (fF/µm) 0.033

Metal-3 to Poly-Si
Area (fF/µm2) 0.012 0.001

Fringing per edge (fF/µm) 0.034

Metal-3 to Metal-1
Area (fF/µm2) 0.016 0.001

Fringing per edge (fF/µm) 0.039

Metal-3 to Metal-2
Area (fF/µm2) 0.035 0.002

Fringing per edge (fF/µm) 0.049

Table 2.2 Properties of different types of capacitors
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their bias voltages and appropriate bias should be provided and maintained, which could be quite

complicated and troublesome.

Also note that the fringing capacitance can be quite significant and should be included when

accurate capacitance values are required.

More popular structures with much larger capacitance per unit area can be obtained using the

polysilicon layer as one or both of the capacitor plates. Table 2.3 shows typical capacitance values,

tolerances, temperature and voltage coefficients for several of these structures.

2.4.2 Absolute Values

For a capacitor with parallel plates, the capacitance value is given by

 (2.4)

where A, W, L, tox, andεox are the plate area, the width, the length, the dielectric thickness, and the

dielectric constant of the capacitor, respectively.

To achieve large capacitance per unit area in order to save the total area, it is common to use

several sandwiched-type capacitors and connect them in parallel, as illustrated in Fig. 2.4. Note that

the total capacitance is the sum of the individual capacitances. A potential problem is that parasitic

capacitance from the poly to the substrate Cps inevitably exists and may affect the circuit

performance. As comparison, typical total capacitance per unit area together with the parasitic

capacitance for several structures are shown in Table 2.4.

From Eq. 2.4, the error in the absolute capacitance value can be obtained as

Structure
Capacitance /

Area
Tolerance

Temperature

Coefficient

Voltage

Coefficient

poly - poly
0.34 fF/µm2

(tox = 1000 A)
Absolute: +/- 10 %

Matching: +/- 0.2 - 0.5 %
20 - 30 ppm/oC 10 - 100 ppm/oC

poly - n+/p+
0.69 fF/µm2

(tox = 500 A)
Absolute: +/- 5 %

Matching: +/- 0.2 %
20 - 30 ppm/oC 10 - 200 ppm/oC

poly - metal
0.03 fF/µm2

(tox = 1µm)
Absolute: +/- 40 %
Matching: +/- 5%

~ small ~ small

Table 2.3 Properties of capacitors using polysilicon
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 (2.5)

Typically, the error due to over-etching is the same for both sides, i.e.∆W = ∆L = δ, and it

follows that

 (2.6)

This goes to show that the capacitance error due to the over-etching is proportional to the ratio

of the perimeter to the area of the capacitor.

As a result, the capacitor error is minimized if the dimensions are chosen to minimize the

perimeter while keeping the area the same. This suggests thata squared structure would yield a

minimum error for a given capacitor.

Structure Designed Capacitance Parasitic Capacitance Ratio

M3-M2 31 aF/µm2 24 aF/µm2 0.77

M3-M2-M1 61 aF/µm2 62 aF/µm2 1.02

M3-M2-M1-poly 123 aF/µm2 86 aF/µm2 0.70

Table 2.4 Designed and parasitic capacitance values for sandwiched-type capacitors

 Fig. 2.4 Sandwiched-type capacitor to reduce the capacitor area
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2.4.3 Matching Ratio

Just like resistors or any other devices, in order to obtain two capacitors with a good matching

ratio, all the techniques mentioned above should be used whenever possible, including the use of

common-centroid and dummy devices. Figure 2.5 illustrates such a layout.

For two capacitors with the ratio being an integer, the best matching is achieved if each can be

built using an integral number of identical unit cells.

Moreover, from Eq. 2.6, good matching for two capacitors can be achieved if their ratios of

perimeter to area are designed to be the same, even when they are of different sizes, that is

 (2.7)

For the layout of two capacitors with the ratio being a non-integer, consider Fig. 2.6. Given a

squared capacitor C1 with each side being x1, to achieve a matched rectangular capacitor C2 with a

ratio of C2/C1 = K, the two dimensions x2 and y2 of the rectangular capacitor C2 should satisfy the

following condition

 Fig. 2.5 Illustration of two capacitors to be matched with the ratio being an integer
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 (2.8)

In addition, from Eq. 2.7, for good matching, the ratios of perimeter to area of the two

capacitors should be the same.

 (2.9)

As a result,

 (2.10)

and

 (2.11)

2.5 Transistor Layout

2.5.1 Single Transistor

In addition to all the layout techniques mentioned above, the following guidelines can be used

specifically for MOS transistors.

• Minimize parasitic series resistance by using as many small contacts as possible

• Use multiple small contacts as opposed to a single large contact to reduce the

curvature of the metal surface and thus to reduce the risk of micro-fracture

 Fig. 2.6 Illustration of two capacitors to be matched with a non-integer ratio
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• Use stacked structures to realize large transistors

An example of how a stacked transistor can be laid out is shown in Fig. 2.7.

If a stack is divided in an odd number of fingers, the source is on one side, and the drain is on

the other side of the stack. On the other hand, if the number of fingers is even, either the drain or the

source is on both sides of the stack, and the other one is inside of the stack.

Using stacked transistors, not only is the total area minimized but the diffusion capacitors

from the drain and the source to the substrate are greatly reduced as well. If a stack with an odd

number of fingers nodd is used, both the drain-to-substrate and source-to-substrate capacitors are

reduced by a factor of

 (2.12)

If an even number of fingers neven is used, the reduction factors of the inside diffusion

capacitor and the outside diffusion capacitor are given by

 (2.13)

 Fig. 2.7 An example of a layout for a stacked transistor
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 (2.14)

Another advantage of using stacked transistors is that the polysilicon gate is interdigated and

thus the gate series resistance is reduced. It can be proved that the gate resistance as a function of the

number of fingers can be estimated as,

 (2.15)

where Rsh is the poly sheet resistance, W/L is the device aspect ratio, n is the number of the gate

fingers, and K is 3 or 12 depending on whether the gate fingers are contacting at one end or both ends,

respectively.

2.5.2 Matched Transistors

Using all the layout techniques and guidelines mentioned so far, in particular the

interdigitating technique with a common-centroid symmetry, good matching for two transistors can

be achieved. Figure 2.8 illustrates an example of a layout of a differential pair with common-centroid

symmetry.

2.6 General Guidelines for Noise Minimization

The following are useful guidelines to minimize noise coupling in doing layout for analog and

mixed-signal integrated circuits.

• Maximize the separation between the analog and digital bias lines.

• Use multiple supply and ground connections and I/O pins when possible. If this is

not possible, the connection should be made as closely to the pad as possible.

• Use guard rings for isolation

• Use wells for isolation, shielding, and as bypass capacitor for supply voltages

• Use metal lines with constant bias between interconnection lines

• Use metal plate with constant bias below the connect lines

• Fill up unused space with contacts to substrate and wells

• Always connect the bottom plate of capacitors to the non-critical nodes because

more noise is coupled to the bottom plate through the substrate.
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2
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Kn2
---------Rsh
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2.7 Floor Plan

Similar to laying out for devices, laying out for the whole circuit requires careful floorplan

and the same techniques can be applied to minimize mismatches and coupled noise. More

specifically, the following guidelines should be observed.

• Maximize the spacing between critical analog components and digital components

• Minimize the connections to critical nodes

• Minimize coupling or crossing between sensitive lines

• Use shields whenever possible

 Fig. 2.8 An example of a layout for a differential pair with common-centroid symmetry
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