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(57) Abrege(suite)/Abstract(continued):

elements each comprising two or more adjustable units. The regular structures may comprise one or more mutually identical fixed
elements and an equal number of adjustable elements of equal value. The adjustable elements each comprise two or more
adjustable units, and the merged structures comprise N mutually identical fired elements and one merged adjustable element. The
merged adjustable elements have substantially the same value as that of N adjustable elements, where N Is an integer equal to or
greater than 2, and the merged elements each may comprise one or more adjustable units. The network accordingly Is trimmable
IN @ manner that uses minimum area and consumes minimum time during manufacture A described application Is In ditigal-to-
analog converter trim circuitry.
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ABSTRACT

A network comprises an arrangement of regular structures and merged structures, in which the regular
structures each comprise one or more mutually identical Feed elements and an equal number of
adjustable elements of equal value, and the adjustable elements each comprising two or more
adjustable units. The regular structures may comprise one or more mutually identical fixed elements
and an equal number of adjustable elements of equal value. The adjustable elements each comprise
two or more adjustable units, and the mefged structures comprise N mutually identical fired elements
and one merged adjustable element. The merged adjustable elements have substantially the same
value as that of N adjustable elements, where N is an integer equal to or greater than 2, and the
merged elements each may comprise one or more adjustable units. The network accordingly s

trimmable in a manner that uses minimum area and consumes minimum time during manufacture.

A described application is in ditigal-to-analog converter trim circuitry.



10

15

20

25

CA 02603897 2009-11-27

NETWORK WITH MULTIPLE ADJUSTMENT ELEMENTS AND SENSITIVITIES. AND
DIGITAL-TO-ANALOG CONVERTER IMPLEMENTING SAME

Field of the Invention

This disclosure relates generally to networks, and more particularly to improvement in

adjustment circuitry that may be implemented therein. One application of this improvement

is in the field of digital-to-analog converter trim circuits.

Backgound of the Invention

A class of networks is composed of network structures designed to have a transfer function

(from one: or more input nodes to an output knode,) that is responsive to at least one d1g1tal
input signal in a prescribed manner. The digital input signal can be a pin-strappable or
programmable logic input signal, or other suitable s;gnal. The manufacturing tolcrance of
various network structures has a tendency to cause degradation in the accuracy of the transfer

function. In order to increase the accuracy of the network transfer function, network

structures typically include adjustment or trim elements. The value of the adjustable elements

.can be varied by a suitable means to increase the accuracy of the transfer function.

The accuracy of the transfer function of a network is modified by the influence of various

structures throughout the network. The influence of these structures on the accuracy of the
transfer function is referred to as the sehsitivity of the structure on the transfer function.

Higher sensitivity network structures require finer adjuéﬁnents within a suitable adjustment
range. The adjustable element has to be designed appropriately for the structure with the

highest sensitivity.

It is well known to those skilled in the art that greater precision is often obtained by using

network topologies for which the transfer function depends primarily on the ratio matching
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between similar or identical elements, and not on the absolute value of individual elements or
on the ratio matching of dissimilar elements. Therefore, it has long been the common preotice
in the design and construction of precision networks to utilize such topologies, and
furthermore to favor the use of essentially idenﬁcal unit elements. The use of identical unit
elements means that many sources of parameter varietion, including manufacturing
vanability, tend to affect each unit element in the same manner. Therefore the ratio between
unit element parameters remains largely unchanged. A further benefit of such practice is that
post-manufacturing parameter drift due to a variety of causes, including temperature change,

aging etc, also tends to effect each unit element in the same manner, and therefore has a

red}lced effect on the network transfer function.

Likewise it is well known that it is desirable to use identical adjustable unit elements
throughout the various structures in the network, and to arrange them in a fixed ratio with
respect to the fixed elements. This results in better initial matching and hence better mtial
transfer function accuracy and therefore reduced trim range requirements.

However, network sections with high sensitivity may require adjustable elements with a large
ratio between adjustment range and adjustment resolution, which in tumn tends to require a
large area and/or complex trim structure. If an identical adjustable element is used throughout

the entire network, an excessive area may be consumed. Furthermore, for network sections

with lower sensitivity this adjustable element may be considered to be over-designed,

resultmg In greater network area and reqmred trim time to make ad_]ustments in

manufactunng Conversely, using a single adj ustable element structure throughout the
network which has a more acceptable area and trim tlme requlrements and has sufficient
adjustment range and resolution for less sensifive sections of the network may result in
inadequate trim range, resolution and stability in the more sensitive sections of the network.

A 'specfﬁc, noh-limiting, example of a- possible network of this type is a digital-to-analog
converter (DAC). A DAC converts a digital input word to an analog output signal. DACs
typically operate in either a unipolar or bipolar mode. The generic equation for determining

the output Voyr in unipolar and bipolar DACs is shown in Equation 1:
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INPUT CODE | "'K2) (1)
2" ‘

Vour=G « Vger+ (K1 »

where INPUT CODE is an n-bit digital word, G is the gain of the DAC and K1 and K2 are

constants that determine the configuration mode. In unipolar mode configuration (e.g., when

the output varies from 0 volts to Vgrgr), K1=1 and K2=0 so that VOUT varies between 0 and

G*Vyer . In bipolar mode conﬁgufation (e.g., output varies from -Vggr to Vger), K1=2 and

K2=1 so that Voyr varies between - G*Vggr and G* Vggr. For the inverting unipolar

configuration K1=-1 and K2=0 so that Voyr varies between 0 and ~-G*Vggr.

FIG. 1 shows the exémple of a well known architecture of an inverting unipolar 3-bit DAC
10, which receiv.es input Vgrger, control signal UPDATE and di gitél input INPUT CODE, and

geﬁcratcs analog output Vour. The DAC of Figure 1 has 3-bit resolution for illustration only
and can easily be modified to any practical resolutioh desired. The digital input INPUT
CODE is a 3-bit digital word used l;y DAC 10 to convert input Vggr into analog output Vour.
UPDATE is a binary control signal which determines when the digital word INPUT CODE

can be used to convert Vrgr to produce a new Voyr. When UPDATE is LOW, V4,7 remains

- substantially constant. When UPDATE changes from LOW to HIGH, DAC 10 converts Vggr

to analog output Voyr based on the INPUT CODE.

DAC 10 comprises resistor network 12, switches 161 , 16, and 163, switch compensation

element 17, switch control block 18, op-amp 22 and feedback element 20. Resistor network
12 is of a type commonly called an R-2R ladder, and includes substantially identical fixed

unit resistors 23y; to 23, and substantially identical adjustable trim elements 30;; to 30,,.

The input Vrgr is applied to input node 1 of DAC 10 while the output signal Vour is
produced at output node 3. An additional DAC node referred henceforth as GROUND is

used as reference potential for both input Vggr and output Voyr.
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Resistor network 12 receives the input Vrgr on node 1, is connected to switches 16y, 16, and
163 through nodes 151,15, and 153, respectively, and to switch compensation element 17
through node. 154. It comprises a number of switched and series structures. The first
switched structure comprises two fixed unit resistors, 23y; and 23,, and two adjustable trim
elements 304, and 304, all connected in series, and is coupled between the input node 1 and
node 15;. It functions as the most significant bit (MSB) of the ladder. The first series
structure comprises fixed unit resistor 23,3 and adjustable trim element 30,3, connected in
series, and is coupled . between input node 1 and network internal node 4. The second
switched structure comprises two ﬁxe& unit resistors, 231 -and 23;,, and two adjustable trim
elements 30,y and 30,2, all connected in series, and is coupled between internal node 4 and
node 15,. It functions as the second bit of the ladder. The second series structure comprises

fixed unit resistor 23,3 and adjustable trim element 30,3, connected in series, and is coupled
between internal node 4 and internal node 5. The third switched structure comprises two

- fixed unit resistors, 233; and 23;3,, and two adjustable trim elements 303; and 30;,, all

connected in series, and is coupled between internal node § and node 185;. It functions as the
least significant bit (LSB) of the ladder. The last structure comprises two fixed unit resistors,
2341 and 234,, and two adjustable trim elements 304; and 3@42, all connected in series, and is

coupled between internal node 5 and node 154. It functions as the ladder termination and is

connected to GROUND node through the switch resistance compensation element 17.

In describing an R-2R ladder, the series structures are conventionally called the R-branches,

and the switched structures and the termination structure are called the 2R-branches.
Switch control block 18 receives control input UPDATE and digital input INPUT CODE.

When UPDATE changes state from LOW to HIGH, switch control block 18 adjusts the
levels of switch control nodes 28, through 28, according the present state of INPUT CODE.
In this example of a 3-bit DAC, INPUT CODE may be a 3-bit binary signal. When the most

significant bit (MSB) of INPUT CODE is HIGH, the switch control 18 will set node 28;
such as to cause switch 16, to couple node 15y to node 2. When the most significant bit

(MSB) of INPUT CODE is LOW, switch control 18 will set node 28; such as to cause



10

15

CA 02603897 2009-11-27

5

switch 16; to couple node 1.51 to GRO[ND. Simﬂarly, a HIGH or LOW state in the second
bit of INPUT CODE will result in switch control 18 setting node 28, thus causing switch 16;
to couple node 15; to node 2 or to GROUND respectively. A HIGH or LOW state in the
third, least significant bit (LSB) of INPUT CODE will result in switch control 18 setting |
node 285 thus causing switch 163 to couple node 15; to node 2 or to GROUND respectively.
In the manner descnibed, the digital input INPUT CODE in combination with input signal
VRrer causes an intermediate current, Ipac to flow into node 2 from the switch elements 16; to

163 according to Equation 2, where Rpac is the input impedance of the R-2R ladder:

Ioac=( Vear )+ ( NPUTCODE ) = (o), ( MNPUTCODE ) o)

“
e - A ———

Rpac 2" Rpac 8

Feedback element 20 and op-amp 22 form a current-to-voltage converter. The op-amp 22 has
an inverting input terminal (-) coupled to node 2, a non-in’verting input terminal (+) coupled
to GROUND, and an output terminal coupled to node 3. Feedback element 20, coupled

between node 2 and node 3, creates a feedback loop around the op-amp 22. The resistance of

- . feedback element 20, is commonly referred to as Rgg.

20

235

The current to voltage converter operates to convert intermediate current Ipac to the output

voltage Vour. The resu}ting Vour is shown in Equation 3:

Vour = -Ipac « Reg = -Vrgr « ( Rpp) ¥(  HPUTCODE )

Rpac 2N
=-Vrer+ (Rep) *¥( 21 90%F ) , (3)

Rpac 8
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For the '3-'bit DAC example, MAX INPUT CODE = 22.1=17,
SO f01; DIGITAL INPUT = 0: |
Vour =0V, corresponding' to ZERO SCALE
and for DIGITAL INPUT = 7.
S | ‘ Vou-r = Vgeps ( RFB) *( 7 ), correspondmg to FULL SCALE
Rpac K]

The prior art includes various configurations of DAC 10 from FIGURE 1 in monolithic or
discrete form. The configurations are typically chosen to be umpolar, bipolar.or a

10 combination thereof, such as a software programmable signal processor of a type described

in United States Patent 6,310,567,

It is generally recognized that the transfer function accuracy of resistor networks, of which
the R-2R ladder shown in FIGURE 1 is just an example, depend primarily upon the ratio

15  matching of identical unit elements of constituent structures. -

‘It is common practice to use identical fixed elements like fixed unit resistors 23;; through
234> of network 12 when implementing such networks in order to minimize these matching
errors. Nevertheless matching errors between identical fixed elements are inherent in any
20 practical implementation and result in transfer function linearity errors. The problem is
alleviated by connectmg trim elements like trim resistors 30, through 304, of network 12 in -

series with fixed network clements. These trim elements can be adjusted in a oahbratmn

process such as to correct the residual mismatch of the fixed elements. In order to reduce
even further potential mismatch errors it is common practice to use trim elements whieh are
25 mutually identical prior to any trimming and to associate a trim element to every fixed
element in the network. In this manner every constituent structure of the network has the

same ratio between the value and number of fixed elements to trim elements.
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As a function of the network configuration, the sensitivity of various constituting structures
varies with the structure position within the network. For an R-2R ladder like network 12, as
one pfogresées down from the most significant bit (MSB) structure to the least significant bit
(LSB) structure, the sensitivity is lowered by a factor of 2 for each adjacent less significant
bit position. Hence the adjustable trim element positioned in a more significant bit structure
and dimensioned for a given dverall network transfer function accuracy can be said to be
over designed when located in a less significant bit structure, wasting valuable area and trim
time. Similarly an adjustable trim element positioned in a less significant bit structure and

dimensioned for a given overall network transfer function accuracy is madequate when

located in a more significant bit structure.

The solution to this problem is to associate different trim structures to identical fixed
elements function of their specific location Within_the network. This configuration does not
use mutually identical fixed and mutually identical adjustable units throughout the network

and thus suffers from higher initial errors hence requiring wider overall trim range, larger

area and longer trim time. In addition such a network is substantially more sensitive to post-

‘production variations like temperature, mechanical stress, aging, etc.

It will be apparent to those skilled in the art that the network configuration practiced herein

described have general utility in a broad variety of network types and topologies, with
applications including, but not restricted to: DAC’s; ADC’s; Programmable Amplifiers;

Programmable Attenuators; Programmable Filters; Programmable Delay Elements;

Programmable Resistors; and more.

Also, it will be apparent to those skilled in the art that the fixed and adjustable elements in

these networks may consist of many different element types, singly or in combination,

including but not limited to: resistors; capacitors; inductors; transistors; diodes; and more.
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Furthermore, it will be apparent to those skilled in the art that the adjustable elements may be
adjusted by a wide variety of suitable means, including: laser trimming; fuse link trimming;

anti-fuse link trimming; PROM control, programmable logic, and more.

Summary of the Invention

Accordingly, it is an aspect of the present invention to provide novel means of constructing

networks that comprise a combination of fixed elements and adjustable elements, wherein

furthermore, the pre-adjustment error depends primarily on the relative matching of identical

‘adjustable units and identical fixed units, resulting in a reduced manufacturing requirement to

maintain matching between dissimilar units.

In contrast to prior art networks, where the above objectives have required the use of
substantially i1dentical adjustment élemenis, an arrangement is provided whereby network
structures of high sensitivity may use larger and/or more complex adjustable elements, and
structures with lower sensitivity may use smaller and/or less complex adjustable elements.
Simultaneously the pre-adjustment error is minimized by always constructing the adjustable
elements of various sizes and values from identical adjustable element units. This error 1s
further minimized by maintaining in all the network constituent structures a substantially
fixed ratio between the value of the fixed and adjustable elements. In areas of higher
sensitivity, mutually identical fixed elements are paired one-to-one with mutually identical
adjustabﬁlc elements. In areas of lower sensitivity, N fixed elements, where N>2, are
associated with a single merged adjustable element, said element having the same value as a
combination of N adjustable clements. The ratio between the value of the combined N fixed
elements and the single merged adjustable element is the same as before, but' the merged

adjustable element is smaller than the combination of N identical adjustable elements.

As another aspect of the present invention, there 1s provided a network, comprising an arrangement
of regular structures and merged structures; the network being constructed from mutually identical
fixed elements and mutually identical adjustable units; the regular structures each comprising one or

more the fixed elements and adjustable elements; wherein, in any regular structure, the number of

adjustable elements are of mutually equal value before adjustment, and the adjustable elements each
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comprise two or more adjustable units; and the merged structures each comprise N the mutually
identical fixed elements and only one merged adjustable element, wherein prior to adjustment, the
merged adjustable element has substantially the same value as the composite value of N adjustable

elements, where N 1s an integer equal to or greater than 2, and the merged element comprises fewer

adjustable units than a corresponding group of N adjustable units.

As yet another aspect of the present invention, there is provided a digital-to-analog converter
comprising an input node; switches providing an input digital signal; an output node; a resistance
ladder coupled to the switches, the ladder including branches corrésponding respectively to bit
positions, in which selective operation of the switches in response to the input digital signal produces
a corresponding analog output signal at an output node; the ladder comprising regular branches and
merged branches and being constructed from identical fixed resistors and identical trim resistors; the
regular branches each comprising one or more mutually identical fixed resistors and trim elements,
the trim elements being of mutually equal value before any trimming and each comprising two or
more trim resistors; the regular branch comprising a number of trim elements equal to the number of
fixed elements; the merged branches each comprising N mutually identical fixed resistors and one
merged trim element, where N is an integer equal to or greater than 2, in which prior to any trimming,
the merged trim element has substantially the same value as the composite value of N trim elements,

and wherein the merged trim element comprises fewer trim resistors than a corresponding group of

N trim elements.
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Brief Description of the Drawings

The present invention is illustrated by way of example, and not by way of limitation, 1n the

figures of the accompanying drawing and in which like reference numerals refer to similar

elements and 1n which:

Fig. 1 is a circuit diagram showing a conventional inverting unipolar DAC based on a resistor

network with trim structures.

Fig. 2 1s a specific embodiment of a resistor network section according to the present

invention.

Fig. 3 is an alternative embodiment of a resistor network section according to the present

invention.

Detailed Description of the Invention

Figure 2 shows resistor network 112 ofa 3-bit DA according to an embodiment of the present
invention. It may be substituted for resistor network 12 of Figure 1 to form an nverting

unipolar 3-bit DAC, in which case all of the other components in the circuit ot Figure 1

function exactly as described above.

Resistor network 112 is also an R-2R ladder, and it includes substantially 1dentical tixed

elements 123, to 123,, and substantially identical adjustable trim units 133,,, to 133,,,.
Resistor network 112 has input node 1, switch connection nodes 15,, 15, and 15;, and switch

compensation element connection node 15, It comprises a number of switched and series
structures. The first switched structure comprises two fixed unit resistors, 123,, and 123,,,
and two adjustable trim elements 130, and 130,,, all connected in series, and is coupled
between the input node 1 and node 15,. It functions as the most significant bit (MSB) of the
ladder. The first series structure comprises fixed unit resistor 123,; and adjustable trim
element 130, ,, connected in series, and is coupled between input node 1 and network internal

node 104. The second switched structure comprises two fixed unit resistors, 123, and 123,,,

and two adjustablé trim elements 130,, and 130,,, all connected in series, and is coupled
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between internal node 104 and node 15,. It functions as the second bit of the ladder. The
second series structure COmprises fixed unit resistor 1233 and adjustable trim.clement 13023;
connected in series, and is coupled between internal node 104 and internal node 105. The
third switched structure comprises two fixed unit resistors, 12333 and 12333, and one merged
adjustable trim element 13553, connected in series, and is coupled between internal node 105
and node 15;. It functions as the least significant bit (LSB) of the ladder. The last structure

comprises two fixed unit resistors, 12341‘ and 12343, and one merged adjustable trim element

13545, connected in series, and i1s coupled between internal node 105 and node 154 It

functions as the ladder termination.

Adjustable trim element 130y comprises two adjustable trim units, 133y;; and 133y,

connected in parallel. Adjustable trim element 1'3012 comprises two adjustable trim units,

13312 and 133,33, connected in parallel. Adjustable trim element 130,; comprises two
adjustable trim units, 1334, and 133212', connected in parallel. Adjustable trim element 130,

comprises two adjustable trim units, 133, and 13332;, connected in parallel. Merged

| adjustable trim element 13535 comprises one adjustable trim unit, 1333;;. Merged adjustable

trim clement 1354; comprises one adjustable trim unit, 1334;;.

The utility and benefits of resistor network 112 may be explained by comparing it to the prior

-art resistor network 12 of FIGURE 1. It will be readily apparent to one skilled in the art that

the transfer functions of these two networks are nominally identical if the adjustable trim
elements 30y, 3042, 3043, 3054, 3045, and 30,3, of r,csistor‘ network 12 are defined to have the

same value as the adjustable trim clements 130yy, 13012, 13043, 1305, 130,,, and 13023; of
resistor network 112 respectively, the series combination of the adjustable tnim elements 303,
and 303, is defined to have the same value as the adjﬁstab]e frim element 1353; and finally
the series combination of the adjustable trim elements 3045 and 304, is defined to have the

same value as the adjustable trim element 1354;. This can be immediately accomplished if

the identi\cal adjustable units 133;1; to 13341 of network 112 are sized to have twice the

v;alue of the identical trim elements 30,4 to 304, of network 12.
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The network 112, similar to network 12 continues to experience only minimal pre-trim
matching errors‘because it is implemented using only mutually identical fixed resistors and
mutually identical trim resistors. These errors are further reduced by continuing to ma'intain' a
substantially fixed ratio bétwéen the value of the fixed resistance and the value of the
adjustable resistance in all the network constituent structures. Nevertheless the network 112

has substantial advantages over the prior art network 12 with respect to the trim element area

. and necessary trim time.

It is common practice, when constructing such networks, to use for implementing adjustable

elements multiple trim units in parallel/series combinations in order to ‘increase the available

trim resolution while decreasing the used trim area. The network transfer function sensitivity
to mismatch errors 1S substantially‘ higher for the more significant bit structures which greatly
benefit from such an increase in trim range and resolution. At the same time the least
significant bit structures do hot require the extended trim capabilities and the use of identical
trim elements becomes an unﬁecessary burden. This problem is solved by the example
network 112. Towards this goal, in the low sensitivity LSB and termination structures, the
adjustable elements have been replaced with merged elements of substantially equal value
irnpleménted using the same identical adjustable units. Thus the overall trim area and trim
time have been reduced while continuing to provide minimum pre-trim matching errors.

Again, it will be readily apparent to those skilled in the art that the 3-bit DAC resistor
network of FIGURE 2 can be readily expanded to N-bits, and that the method shown of using
merged trim strucfures will still apply and will have equal or greater benefits for DACs of '

increased resolution.

Also, it will be apparent to those skilled in the art that the simple, but useful example shown
in network 112 of FIGURE 2 can be applied in a straightforward manner to un-merged and

merged trim structures that comprise many different combinations of trim units in parallel

and/or series combination.
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Furtheﬁnore, it will be apparent to those skilled in the art that the structures and techniques
described in the example network of FIGURE 2 have the same broad range of applications as
the circuit example of FIGURE 1, and also that networks consisting of the same variety of

components, and adjustments niay be applied in the same variety of suitable means as
5 described above for FIGURE 1.

Figure 3 shows an alternative embodiment of the invention as it applies to a partially
segmented resistor ladder. Resistor network 212 may constitute the resistor network of a 5-bit
DAC, similar in application to the 3-bit DAC examples‘ of Figs. 1 and 2. To form a complete
inverting unipolar 5-Bit DAC the resistor network 212 may be combined with elements such
10 as those described in detail m FIGURE 1, including switches, switch control block, switch
resistance compensation element, op-amp and feedback elemeént using widely known

common practice. -

Resistor network 212 represents a known vgriation on the R-2R ladder networks discussed
15  earlier and is usually referred to as a “partially segmented resistor ladder”. The term
‘segmented’ comes from the fact that the DAC switched branches no longer all correspond
~ directly to binary weighted bits of a digital input as is the case of a classic R-2R ladder. The
first 2" — 1 equal resistor ‘segments’ of the network correspond to the n most significant bits
| of a digital input. The switch control signals corresponding to these segments are decoded
20  from the n most significant bits of a binary encoded digital input INPUT CODE into a widely
known ‘thermometer code’. This ‘thermometer code’ i1s subsequently used to control the
swit'ches connected to the first 2" — 1 equal ‘segments’. Partially segxnented resistor ladders
are widely used because of a reduced sensitivity of the transfer function to any one branch of
the resistor ladder. |
25
Resistor network 212 includes substantially identical fixed elements 223q; to 223g and

substantially identical adjustable units 233443 to 233,,, . It has mnput node 1, switch connection

nodes 15; 15, 15; 154 154, and 153; and switch compensation element connection node 15;.
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It comprises a number of switched and series branches. The first binary weighted switched
structure comprises two fixed umit resistors, 223y, and 223¢;, and two adjustable trim
elements 230,; and 230;2,-all connected in series, and is coupled between input node 1 and
node 15;. It functions as the most signfﬁcant bit of the R-2R section and the third most
signiﬁcant‘binary bit of the network. The first series structure comprises fixed unit resistor
22343 and adjustable trim element 230,43, connected in sertes, and is coupled between 'input
node 1 and internal node 204. The second binary weighted switched structure comprises two
fixed unft resistors, 223,; and 223,,, and two adjustable trim elements 230,; and 230,,, all
connected In series, and 1s coupled between internal node 204 and node 15,. It functions as
the fourth most significant binary bit of the network. The second series structure COmMpIISEs
fixed unit resistor 2233 and adjustable trim element 230, connected in series, and is
coupled between intemal node 204 and internal node 205. The third binary weighted
switched structure COmprises two fixed unit resistors, 2233; and 2233, and one merged
adjustable trim structure 2353, connected in series, aild 1s coupled between internal node 205
and node 153; It functions as the least significant binary bit(LSB) of the network. The last
structure comprises two fixed unit resistors, 2234; and 2234;, and one merged adjustable trim
element 2354, connected 1n 'series, and is coupled between internal node 205 and node 15,. It
functions as the network termination. The first switched segment structure comprises one
fixed unit resistor, 223q;, and one adjustable trim element 230¢;, connected in series, and is
coupled between input node 1 and node 15;. It functions as the first segment of the most
significant two bits of the network. 'Th'e second switched segment structure comprises one
ﬁxéd unit resistor, 2237, and one adjustable trim structure 2307, connected In series, and 1s
coupled between input node 1 and 'nddc, 15,. It functions as the second segment of the most
signiﬁcant two bits of the network. The third switched ségment structure comprises one fixed
unit resistor, 223g;, and one adjustable trim structure 230gy, connected in series, and is

coupled between input node 1 and node 15s. It functions as the third segment of the most

significant two bits of the network.
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Adjustable trim element 230y; comprises two adjustable trim units, 233111' and 23343,

connected in parallel. Adjustable tnm element 2305, comprises two adjustable trim units,
233151 and 233y, connected in parallel. Adjustable trim element 230, comprises two

adjustable trim units, 23351y and 233,, connected in parallel. Adjustable trim element 230,,

comprises two adjustable trim units, 23335, and 23333, connected in parallel.

Adjustable trim element 2305 comprises two adjustable trim units, 233¢;; and 233,

connected 1n parallel. Adjustable trim element 2304y comprises two adjustable trim units,

23374 and 23375, connected in parallel. Adjustable trim eclement 230g; comprises two

adjustable trim units, 233g;; and 2333:,, connected in parallel. Merged adjustable trim

element 2353, comprises one adjustable trim unit, 2333;;. Merged adjustable trim element

2354, comprises one adjustable trim unit, 2334;;.

The high sensitivity elements of network 212 are the three switched segment structures, the

first and second binary switched structures and the two series structures, all corresponding to
more significant bits. These elements are implemented as REGULAR STRUCTURES

- compuising mutually identical fixed elements and mutually identical adjustable elements.

Furthermore within each structure the number of adjustable elements equals the number of

fixed elements thus maintaining a constant ratio between the total value of the comprised '

fixed elements and the total value of the comprised adjustable elements prior to any

adjustment. The REGULAR STRUCTURE, through the use of relatively complex adjustable

elements provides a large trim range and trim resolution.

The low sensitivity elements of network 212 are the LSB structure and the termination

structure. These elements are implemented as MERGED STRUCTURES comprising
mutually identical fixed elements and merged adjustable elements. The merged adjustable

elements do not have to be identical to each other or to regular adjustable elements but they

‘must be constructed from the same mutually identical trim units as the regular adjustable

elements. With the purpose of minimizing pre-trim errors, this first limitation ensures that
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both REGULAR STRUCTURES and MERGED STRUCTURES within network comprise
only mutually identical fixed eclements and mutually 1identical adjustable elements.

Furthermore the value of a merged adjustable element located in a MERGED STRUCTURE
together with N fixed elements must be equal with the combined value of N reguliar

adjustable elements. N 1s an Integer greater than or equal to 2, Towards the same goal of

minimizing pre-trim errors this second limitation ensures that all constituent network
structures maintain the same constant ratio between the total equivalent value of comprised

fixed elements and the total equivalent value of comprised adjustable elements prior to any

adjustment

~ A principal benefit of this architecture resides in the substantial reduction in size of the trim

elements present in low sensitivity network structures without degradation of an optimal pre-

adjustment matching accuracy. This reduction in size results in a decrease 1n the available

trim range and resolution for the low sensifivity structures which is consistent with their

" reduced effect upon the g]bbal network transfer function.

It will be apparent to those skilled in the art that all variations and extensions previously
mentioned for the circuits of FIGURE 2 apply directly to the circuit of FIGURE 3, including

number of DAC bits, range of appropriate applications, variation of network element types

and variety of means of applying the adjustments.
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THE EMBODIMENTS OF THE PRESENT INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

l. A network, comprising:
an arrangement of regular structures and merged structures;

the network being constructed from mutually identical fixed elements and mutually

identical adjustable units;

the regular structures each comprising one or more said fixed elements and adjustable
elements:

wherein, in any regular structure, the number of adjustable elements equals the number
of fixed elements, the adjustable elements are of mutually equal value before adjustment, and
the adjustable elements each comprise two o'r more said adjustable units; and

the merged structures each comprise N said mutually identical fixed elements and only

one merged adjustable element, wherein prior to adjustment, the merged adjustable element
has substantially the same value as the composite value of N adjustable elements, where N

is an integer equal to or greater than 2, and the merged element comprises fewer adjustable

units than a corresponding group of N adjustable units.

2. The network according to claim 1, wherein the elements and units are
resistors. '

3. The network according to claim 1, wherein the elements and units are
capacitors.

4. The network according to claim 1, wherein the elements and units are a

combination of resistors and capacitors.

- 5. The network according to claim 1, wherein the adjustable units are \.laser
trimmabie.
6. The network according to claim 1, wherein the adjustablé units are fuse
trimmable.
7.  The network according to claim 1, wherein the value of some or all of the -

adjustable units are under the control of a digital signal.

8. The network according to claim 1, wherein at least some of the regular or

merged structures include switches, said switches being controlled by a digital input signal.
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9. The network according to claim 8, wherein part or all of the network 1s of an
R-2R resistance ladder configuration.

10.  The network according to claim 8, wherein part or all of the network 1s of
segmented resistance ladder configuration.

11.  The network according to claim 8, wherein the network 1s part of a digital-to-
analog converter.

12.  The network according to claim 11, wherein the network 1s part of an analog-
to-digital converter.

13.  The network according to claim 8, wherein the. network is part of a
programmable gain amplifier.

14.  The network according to claim 8, wherein the network is part of a
programmable attenuator.

15.  Thenetwork according to claim 8, wherein the switches included 1n the merged

- structures are controlled by one or more but not all of the bits of the digital input signal.

16.  Thenetwork according to claim 8, wherein the switches included in the regular
structures are controlled by one or more of the more significant bits of the digital input signal.

17. A digital-to-analog converter comprising:

an input node;

switches providing an input digital signal;

an output node;

a resistance ladder coupled to the switches, the ladder including branches

corresponding respectively to bit positions, in which selective operation of the switches in

response to the input di gital signal produces a corresponding analog output signal at an output

node:

said ladder comprising regular branches and merged branches and being constructed

from identical fixed resistors and identical trim resistors;

said regular branches each comprising one or more mutually identical fixed resistors

and trim elements, the trim elements being of mutually equal value before any trimming and

each comprising two or more trim resistors; said regular branch comprising a number of trim

elements equal to the number of fixed elements;
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said merged branches each comprising N mutually identical fixed resistors and one
merged trim element, where N is an integer equal to or greater than 2, in which prior to any
trimming, the merged trim element has substantially the same value as the composite value

of N trim elements, and wherein the merged trim element comprises fewer trim resistors than

a corresponding group of N trim elements.

18.  The digital-to-analog converter according to claim 17, wherein said merged

branch is provided in one or more, but not all, bit positions of the ladder.

19.  The digital-to-analog converter according to claim 17, wherein said regular
branch is provided only in one or more of the more significant bit positions of the ladder.

20. The digital-to-analog converter according to claim 17, in which at least a part

of the resistance ladder is of an R-2R configuration.

21.  The digital-to-analog converter according to claim 17, in which at least a part

of the resistance ladder is of a segmented configuration.

22.  The digital-to-analog converter according to claim 17, in which at least some

of the trim resistors are laser-trimmable resistors.

23.  The digital-to-analog converter according to claim 17, wherein at least some

of the trim resistors are fuse trimmable.

24.  The digital-to-analog converter according to claim 17, in which one or more
trim elements comprise two trim resistors connected in parallel, and one or more said merged

branches each comprise two fixed resistors connected in series and one merged trim element,

and wherein said trim element comprises a single trim resistor.

23. The network according to claim 1, wherein the merged element comprises only

one adjustable unit.

26.  Thedigital-to-analog converter according to claim 17, wherein the merged trim

element comprises only one trim resistor.
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