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(57) Abstract: A multiplying digital-to-anatogue converter circuit for a stage of a pipelined analogue-to-digital converter, the
multiplying digital-to-analogue circuit comprising: an operational amplitier (28); at least one sampling capacitor (21) having a
first plate (23) connected to an input of the operational amplifier; a first feedback capacitor {22} having a first plate {24) connect-
ed to the input of the operational amplifier, a second plate (33, 28) of the at least one sampling capacitor and the first feedback ca-
pacitor being switchably connected to an analogue signal input (32) according to a first dock signal to permit sampling of an ana-
logue signal, the second plate (33) of the at least one sampling capacitor (21 ) being additionally switchably connected to a refer-
ence voltage (37, 39) according to a second dock signal in combination with a digital signal to permit differencing of a sampled
analogue signal an-d an analogue representation of the digital signal, and the second plate of the first feedback capacitor being
switchably connected to an output of the operational amplifier according to the second clock signal; and a second feedback capac-
itor (41} having a first plate (42) connected to the input to the operational amplifier, and a second plate (43) switchably connected
to the input of the operational amplifier according to the first clock signal, the second plate being switchably connected to the out-
put of the operational amplifier according to the second clock signal.
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CIGITAL-TO-ANALOGUE CONVERTER

The invention relales o a multiplying dightaldo-analogue convener (MDAC) oircuit
for uss in a stage of a pipelined analogue-to-digital converter (ADC).

Fipelined ADCs are 2 comynaon class of ADC. Figure 1 shows a block schematie
representation of 3 stage of a pipelined ADC 10, An input analogue signal V. is sampled
and held 11 before being encoded 12 info a presel number of bits of the final oulput of
the ADC. The preset number of bits are output to other parts of the pipelined ADG, suct
as g digilal postprocessing circuit 13 for calibration and encoding of the final ADC
output. The encoded bits are also converted back {o an analogue voitage represantation
of the encoded bits using & digital-to-analogue converter (DAC) 14. The analogu
|

voltage representation is then differenced 16 with the sampled analogue signal to

»

provide a residue voitage. The residue vollage is then amplified 17 and passed ¢

(4]

subseguent stages of the pipelined ADC for use in enicoding the remaining bils of the
final output of the ADRC.

. The ferm “residus voltage” when relaled {0 a slage of @ pipslined ADE relates o
the proportion of the anaiogue signal remalning afler the slage has encoded the

orads aerm ned number of bits of the ADC oulput

_ Typically, the function of encoding the presst number of bits s underisken it an
analogueto-digial sub-converter {(ADSC) 12, The remaining operations of sampling 11,
digital 1o analogue conversion 14, ditferercing 18 and ampification 17 are undertaken by
an MDAC cireuit,

in a switched-capacitor MDAC the conversion lakes place in two separale
a first phase where an inpul capaciiance is charged with an analogue npud
voltage, and a second phase whers feedback is applied to an operational ampiifier circult

to give the amplified residue voltage,

Typically in & pipeling stage using an N-bit ADSC, the gain is 2. Therefore, as
explained in detaill below, the outpul signal range of a typical pipeline stage is equal to its

input signal range.

n a pipelined ARG i is power offig to implement a large signal range in the

front-end pipeline stages and a smatler ség al range in the back-end pipsline siages.
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This is because the input signal ranges of the second and subseguent stages are
constrained by the supply voltage, The input signal range of the first stage is typically
maximized for maximal signallio-noise-raio {SNR), o enable s powersfficlent
realization of high SNR at a low supply voltage. Thus there exists a need for a pipeline
stage in which the gain is other than 2% for an N-bit ADSC

For example § the gain of an MDAC clrcull i3 reduced, the gain bandwidth
product of an aperational ampiifier in an MDAC droult can be reduced by an amount
proportionat fo the reduction in gain of the circult, whilst achieving the same ciroult
speed. This vansiates inlo a reduction in power as gain bandwidih product is roughly
proporionst o power. Moreover the slew rate requirements are also relaxed with a

reduction iy circudt gain, alseo transiating Into a proportional power reduction.

The term “input range” when applied 0 a stage of a pipelined ADC relates to the
maximum range of an analogue signal which may be presented fo the input of the stage,
or altematively the maximum signal range that can be digitized by the stage. The term
“output range” refates o the range of the culput signal of the stage, or allernativaly the
maximum signal range that can be digitized by a subsequent stage. The oulput rangs of
a stage may be governed by the gain of the MDAC circult, Range scaling may therefore

be defined as being when the Input and output ranges of a stage are different.
G g g

Additionally, the setiling speed of the circull and therefore the residue voltage
depends on the feedback factor. A high feedback factor is desirable since # gives a
shorler setiiing time, shortening the overall conversion time of a pipelined ADC

According to a first aspect of the Invention there is provided a multiplying digital-
to-analogue converter circult for a stage of a pipefined analogue-to-digital c@;waﬁer, the
muttiplying digital-te-analogue converter circuit comprising:

an operational ampiifier;

al ledst one sampling capaciior having a first plale connected o an input of the
operational ampiifier

a first feedback capacitor having a first plate connected to the Inpwt of the
operational amplifier,

a second plale of the al least one sampling capacitor and the first feedback
capaciior being switchably connected to an analogue signal input according to a first

clock signal to permit sampling of an analogue signal,
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the second plate of the at least one sampling capacitor being addifio
switchably connected to a reference voltage acconding 1o & second dlock signal in
combination with a digital input, the second plate of the first feedback capacitor being
swilchably connected to an oulput of the operational amplifier according {o the second

clock signal; and

a sacond feedback capacitor having a first plate connecled o the input e th
operational amplfier, and a8 second plate swilchably connected to the inpuwt of the
operational amplifier accarding to the first clock signal, the second plate being swi‘tchahiy
connectad 1o the output of the operational amplifisr according to the second clock signal.

The second plate of the second feedback capacitor may be switchably connected
o the a fixed voltage nods {e.g. electrical ground or a fixed voilage supply), the fixed
voitage node bDeing itself swilchably connecied fo the inpud of the operational amplifier.
Alternatively, the second plate of the second feedback capaciior may be switchably

connected directly o the input of the operational amplifier.

The nclusion of the second feadback capaciior allows confral of the gain of the
MDAC such that the cutput range can be controlled relative to the input range. As
merttionad above and described in detall below, an input range greater than the cutput
range is desirable as this improves the power efficiency of a pipeline stage.

Moreover, some applications, s.g. 14-bit ADC for cellular phone base stations,
requive a 2V pegk-to-peak input range. This high signal range can not be accommodated
at the output of a pipelined ADC stage, Le. the output of an operational amplifier, when
using & supply in the order of 1.2V,

The second feedback capacior also alters the feedback factor of the MDAC
circuil, Increasing the feedback factor aliows the settling time of the stage 10 be reduced,
hereby improving the time of conversion of the pipeline ADC.

The configuration of the second feedback capaditor means that the capaciior is
resel, Le. discharged, when the first dock signal connecis the second piate of the second
feedoack capacitor o the input of the operational ampiifier. The second feedback
capacior is then switched in when the second clock signal connects the second plate of
the second fesdback capaciior fo the oulput of the cperational amplifier. Thiz
configuration means thal the second feedback capacitor 5 able o affect the iotal
feedback capacitance of the circuit.
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4
The input of the aperat anal amplifier may be swilchably connecled to a fixed
voitage node {e.q. electrical ground or a fixed vollage Quppiyi according o a third dock

signal, such that any operational amplifier nolse added fo the voltage over the sampling

capaciter s minimised or removed, and the signal fo nolse ratio & improved,

1

Alternatively, the inverting and non-inverting inputs of the operational amplifier may be
switchably connected together according to the third clock signal fo achieve the same

The invention may include a plurality of sampling capacitors arranged in paralisl,
3

sach sampling capaciior corresponding o a bit of a digital signal input o the grouit,

The digital

i

ignal inpul to the MDAC circult may be the oulpwl from the

e

comparatars of an ADSC cireuit. By providing 8 plurality of sampling capacitors, sach of
which cowesponds t© a bit of the digital signal, muilti-bit digital signals may be
accommodated by the cirouit. A larger number of bits {or an increased resolution) in 3
pipeding stage resulls in & larger gain of the stage and a decrease in input-related nolse

and non-linearity of subsequent stages. This is o be traded off with a larger number of
comparators, resulling in a larger capacitive load at the input.

The vaiue of each of the sampling capacitors may be substantially the same.

Alternatively, values of the sampling capacitors may be weighted.

The use of different weighting schemes for the sampling capaciiors means that

ditfferent types of coded signal from the ADSC may be accommiodated, For instance ¢

s}

digital signal received from an ADBC may be encoded such that each bit of the digital
signal has sgual weight, In this case sampiing capaciiors of equal value may be used in
the MDAC dreuit. Alternatively, the digital signal received from an ADSC may be binary

coded i which case weighted capaciior valuss may be used.

The first feedback capacitor and the second feedback capacifor may be of equal
vaiue. This resdlts in an MDAC drouit the gain of which is reduced by a half when
compared {0 a circuit contaiting ne second feedback resistor. This feature permits range

scaling, thereby Increasing power efficiency of the circuit,
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The use of equal value first and second feedback capaciiars also increases the
feadback factor k of the circull, which results in a reduction in the conversion time of the
pipelined ADC.

The values of the first and the second feedback capaciiors may be differsnt,
theraby permitting different gains o be implemented to sut croull requirements.

According to a second aspect of the invention there is provided a method for
providing an amplified residue vollage in & stage of a pipelined analogue-to-digital
converder using & mulliplying digifal-lo-analogue convertar circult according to the first
aspect, the method comprising the steps of

a} sampling an analogue signal presenied at the analogue sig

i
o
Q2

G
&
lacal
2

the circuit; :

b} holding a charge coresponding f0 an instantaneous value of the
sampled analogue signal on the second plate of the at least one sampiing capacitor;

¢} differencing the sampled  anslogue signal with an analogue
representation of a dightal signal presented fo the circwlt to provide a residus voltage; and

d} amplifying the residue voltags to provide an output signal to a further

stage of a pipelined analogue-to-dighal converter

Amplification of the residue voitage such that the dnput range of the circult is
different 1o the oulput range of the circult provides the advaniage that the circuit may be
more power efficient. in addition the increase In the fesdback factor for the oircult may

reduce the conversion time of the pipelined ADC,

Step a) of the invention may include connecting the second plate of the at least

one sampling capacitor and the first feedback capacitor o the analogue signal input to

5

sample an analogue signal, white cannecting the second plate of the second feedhack
capacitor to the input of the operational amplifier. This s;ep altows the second fesdback
capacitor {o be reset or discharged ready for use in the fﬁedt}ack vop of the operational
ampiifier while the analogue input signat is sampled. The seczcss"sd feedback capacitor is
thereby able to be periodically discharged between sam-piesﬂ

Step b} may include disconnecting the second rsime of the al least one sampling
capacitor and the firsl feedback capacifor from the anslogue signal inpul, while
disconnedting the second plate of the second feadback capacitor from the input of the
operational ampiifier. This step removes the short ciroult across the two glates of the
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segcond feadback capacitor by disconnecling the second plate fom the input o the
operational amplifier, The second feadback capaciior is then ready 1o be corporated
into the operational amplifier feadback foop.

Step ¢ may include, after disconnecting the second plate of the af least one
ampling capacitor and the first foedback capacitor from the analogue signal inpus,
connecting the second plate of the at least one sampling capaciior to the reference
voliage according to the leve! of a bit of a digital signal,

Step d) may include connecting the sscond plale of the first and second feedback
capacitors v the oulpid of the operational amplifier to provide an ampiified residue
vollage representing the difference between the sampled analogue signal and an
angiogue representation of the dighal signal. This step swilches the second feedback
capaciior into the feedback loop of the operational amplifier during ampiification of the
difference voltage. As explained in greater detall below the Secanﬁ fesdback capacitor is
therefore able improve the feedback factor of the creull by increasing the feadback

capaciance,

Steps ©) and d) sbove in combination result in an amplified difference, and in
practive take place &t substantially the same moment.  The mechanism for this s

described in terms of charge transfer relationships detalled below.

There now foliows a description of preferred embodiments of the invention, by
way of non-imiting example, with reference being mads t@ﬁthe accompanying drawings
1 wich

figure 1 shows a block schematic diagram of a pmeime stage of a pipelined ADG;

figure 2 shows an MDAC circuit for use in a stage 0? 2 pivelined ADC;

figure 3 shows a timing diagram represeniing a amhm betwesn exemplary
clotk signais used &1 operating an MDAC cireult;

figure 4 shows an exemplary MOAC circult for use in a stage of 2 pipalined AD:
including a second feedback capaciior;

figire © shows a further exermnplary MDAQ circudt f\_zr use in & stage of a pipelined
ADC including s second feedback capacitor;

figure § shows a modified version of the MDAC cézmuit of figure 4, including a
charge-reset switch arrangement; and |

figure 7 shows a timing diggram of the seguence a* switches for the ciroudt of

figure 8
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Figure 2 shows a single-ended sguivalent fep:eaeritaﬁ on of an N = 4 bit MDAC
circuit 20 where N s the number of bits in a digital signat mcesved by the MDAC circult

from and ADSC (not shown). The circull may in practice be implemented as a differential

circuil.

A tolal sampling cepacitance Cs i split o 2% = 18 egually sized unit
capacitances 21, ¥ will be appreciated by the skilled worker that the number of unit
capacitances will differ dependent on the number of bits encoded by the ADSC. The
number of unit capacitances may be equal to 2%

The example i figure 2 employs unit capacitances, sach having an sgual
capacitance valug, as the digital signal to be received by the MUAC circult is intended to
be a thermometer coded digital signal. Allernative capaciior configurations may be
employed ¥ other types of encoded digital signat are to be presented o the MDAC
ciroull. For example when binary coded data is used binary weighted capacifor values

Tiay be employed.,

iy the exampls shown in figurs 2, two of the unit capacitances are combinsd o
provide a feedback capacitor 22, # will be appresiateﬁ by the skilled worker thal otber
MIAC circuit configurations may be employed 2.¢. in some clrouits only one of the unit

capacitances may be used as feedback capacétar .22,

The remaining unit capaciors form the sampling {‘dga*‘*em 21 of the MDAC
circuit. Each sampling capaciior 21 corresponds o a bit of the encoded digital signal
received front the ADSC.

A first plate 23 of each of the sampiing capacitors 21 and a first plate 24 of the

fesdback capacitor 22 are connected o the Inverling input 352 of an eperation

al amgpiifier
26, The inverting input 352 i5 also connected fo elsclirical qmuﬂd 25 through a switch 27,
The nonsnverting Input 350 of operational amplifier 26 ig eef*nected to electrical ground
28,

A second plate 28 of feedback capacitor 22 is connscted fo the oulput of
2

operationai ampiifier 26 through switch 28. The second plate 28 of feedback capacitor 22

£

is also connecled thwough switch 31 {o an analogue signal input 32,

o2
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Second plates 33 of sampling capacitors 21 are canne‘cipd through swilches 34
o the analogue signal input 32, The second piates 33 of Qamp ing capacitors 21 are also
connected through swilches 38 {o a positive reference vaiiage 37, and through swilches

38 to a negative reference voltage input 38

Switch 27 is opened and closed according fo a cim“k c:n:;na! $1e. Bwilches 31 and

34 are opened and closed according o a clock signal @ . Switch 28 s opened and
closed according fo & clock signal 2. Switches 38 a \d 38 are opened and clossd
according to clock signal @2 in combination with the ERC‘Q{SE" digital signal received by
the MDAC circuit from an ADSC. Switches 36 are closed when @2 is high and D s high,
and switches 38 are closed when @2 is high and D, is low, where D = 01 {§ = 1-14) and

is the output of the comparators of an ADSC

Clock signals @1 and 92 constitite 8 non-overiapp! r*g clocking schems and @i, is
g sightly advanced version of clock sign'; gt In the f—:»xmf‘wie shown in figure 2 the
switches 27, 28, 31, 34, 38, 38 are closed when the relevan t cinck signals are high,

An analogue input signal Vi, is presented fo the MDAC circult 20 st the analbgue
signal input 32 and positive and negative reference voltages Ve, Vi ame presented fo

bee) y

the reference vollage inputs 37 and 38 respectivaly.

Figure 3 shows an sxemplary iming disgram de m::tmg sach of the three dock
signals 91, ©2 and ¢, implemented in operation of the circ.;;sits shown in figures 2, 4 and
3. THNes by, b, L and L are sequential discrete times w!“zs*‘ refate to different stages of
the operation of the MDAC dirouit 20, The first clock s’gnéi @3 transitions from high fo
fow i advance of the second clock signal o2 transi taanmg froms low to high, and the
sacond clock signal @2 transitions from high to low in advan r of the first clock signal g1
transitioning from low o high. The third clock signal g1, is a lightly advanced version of
the first clock signal, such that high to low and low to high transitions of 1, always cccur
v advance of those of 1. This advanced clock signal o1, allows for a sampia to be
acquirad from the signal input 32 by opening switch 27 in advance of opening swilches

31, 34, thereby minimizing errors and distortion due to s z;r‘awdepmdent sampiing tming.

Al time & 91 and @1, are high and switches 27, 31 a Wi 34 are ciosed, and ¢f &
ow and switches 28, 38 and 38 are open. The vmi:ag@ across the folal sampling
citance Cg fracks the logue input signal Vi,
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Al time & @1, gues low and switch 27 is meried The inverling Input o
operational ampiifier 26 Is no longer connecled {o electr cai ground and the input signal
Vi, is sampled on Gy The sampled analogue signal Vi, is ti‘:erefm held as g chargs on

the {otal sampling capaciance C,.

At time L 91 goss low disconneciing the anal egge input signal 32 from the

sampiing capacitors 21 and the feedback capaciior 22 by opening switches 31 and 34,

The above steps are commeonly referred o as boltom-plate sampling, in which

4

switch 27 performs the sampling action. Switch 27 effectively has a fixed voltage at both
iis source and drain {when using & MOSFET transistor switch‘n which improves the

linearity of the sampling action.

Al ime & ¢F goes high, connedding the second céatee 33 of 14 of the 10 unlt
capacttances Le. the sampling capaciiors 21, 1o either the noe,twg referance voltage 37

or the negative reference voltage 38 depending on the vaiue of D D is high then the

o

sgeond plates 33 are connected to the positive reference thag& 37 and { D is low then

e

ot

nd
he second plates 33 are connected {o the negative reference voltage 39.

The remaining capacitance Le. the feadback capaui»:)r 22 is connecled In a
feedback configuration across aperationat amplifier 26 when ;swzich 29 is closed.

The output of the MDAC dreuit 20 is an ampiified rﬂesidus voilage botween the
sampled analogue signal and an analogue vollage repreaem ation of the encoded digital

signat received from the ADSC,

The charge transfer in the MDAC circult 20 can be wra ten as:

ot o 5
£ g
; - R
.
N S/ ,
+ DAY o}
O )
C
-’“m':‘\i‘ Ef»:w

And with D defined as:
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The input o oulput relationship of the MDAC circuit 20 is;

= 8/{F, +{ 1-”5)}*{@ }

' m 13 i

The swilched capacifor MDAC dircuit for a pipelin e stage of a pipelined AD
shown in figure 2 therefore has a gain of 8 and & sublractio § of the analogue nput signal
10 from the anslogue vollage representation of the encoded d':giiai signal according o —{1-
2E W e

it the N-bit MDAC circudt for a pipeline stage shown in figure 2 the gain is equal
to 2 =g,

15
The input range of the MDAC circuit 20 is divided by 2" = 18, and the residus
voltage s ampiffied by 8. Thus, without redundancy, the mut range of the cirocuit 20 is
scaled down by a factor 2.
28 However, in typical pipelined ADCs half of the x@tai ouiput range is redundant
such that offssts n the comparators of the ADSC, and apmatsma; ampiifier 26 ofisst do
not result in the oulput of the MDAC cireuit 20 being Qutsgde the cutput range. Therefore
the cutput range of the stage s squal {o the input range.
25 The feedback factor k of the MDAC circuit 20 s calculated by

Where Croedsaes 15 the value of the feedback amcam 22, which iz connected in
30 feedback mnﬁgura%:im with operational amplifier 26 at time ta, angd G s the iotal
capactiance in the circult Le. the sum of all of sampling {:‘%pa itors 21 and the feadback

capacior 22.
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A high feedback factor is desivable since it gives a shorter sefiling time of the
MBAQG cirouit 20, shortening the overall conversion time of the pipelined ADC.

The {4 bit) MDAC circuit shown in Fig. 2 has a feedtiack factor of;

MDAC dlrcult 20 is restricted fo a gain facior of 8 b‘y the relative values of the
capaciiances used. There are circumsiances such as W-M range scaling s required

hen a different gain {actor may be advantageous.

Figure 4 shows g single-ended squivalent represeniation of an embodiment of an
MBAC circult 40 according to the wention, in which a ﬁet:snd feadback capacitor 41 is
included. As with the circuit shown in figure 2, this may in practice be implementad as a

differantial oirouit,

A first plate 42 of second feedback capscitor &1 s cornected o the inverting
input 35z of operational ampiifier 26.

A second plate 43 of second feedback capacitor 41 s connecied through swilch
44 o the inverting input of pperational amplifier 28. As'in f‘gure , the inverting input of

operational amplifier 26 s connected to slectrical ground *ﬁmijgi”; switch 27. The second

s
iy

e

plate 43 of second feedback capacitor 41 is also conne \.ied, through switch 48, oty
autput of operationat amplifier 28,

The following description of the operation of the csrmt epresented in figure 4
refers also to the timing diagram of figure 3.

At time o 91 and ¢, are high and switches 2‘5’5 31, 34 and 44 are closed
Switches 44 and 48 are controlied by clock signais o1 and c;s.z respectively. Clock signal
P2 is low and switches 28, 38, 38 and 48 are apen, Tma voltage across the folat

ampiing capacitance {g tracks the analogus input signal :\f- Additionally, the second

plate 43 of second feedback capacitor 41 is discharged th*euqh switches 44 and 27 t©
slectrical ground. This removes any charge remaining on semn{j feedback capaciior 41
from previous processing by the MDAD cirouit 40,
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Al lime t @, goes low and swiich 27 is Gmeneﬁ The inwerting inpul fo
aperational amplifier 26 and the second piate 43 of second §e90‘baek capachor 41 are o
longer connected o slectrical ground the input signal Vp is sampled on Ce La. the

~

sampling capacitors 21 and the first feedback capacitor Z;zg: The sampled anaiogus

o

fe

signal is therefore held as & charge on total sampling capaciiame Ca

At time & @1 goes low disconnacting the analogue r;}ut signal fromy the sampling
ngd 34
10 Adgitionally, second plate 43 of second fesdback napoﬁk}r 41 is disconnected from the

capacitors 21 and the feedback capactor 22 by Ggem\q switches 31 a

s

e

nor-inverting inpul of operational amplifier 28 as switch 44 ,s apeﬁm

Al time & @2 goss high, connecting second ;.)fdi@S 33 of 14 of the 18 unil

capaciances Le. sampling capacitors 21, {o either a Pm;t;ve reference vollage 37 or the

18 negative reference voliage 38 depending on the value of i)g.;if & is high then the second
pates 33 are comnecled © the positive reference voltage 5’3? and if O is low then the

second piates 33 are cannected to the negalive reference voé aqe 38,

The remaining capacitance e, the first feedback caga{:’iaf 22 s comnecled It a
20 fesdback configuration across operational amplifier 28. %ea,wd feadback capaciior 41 is
alse connected it a feedhack configuration acrass Gperatsanai anplifier 268 as switch 48

I8 clnsed.

The charge transfer in the MDAQC circuit 40 can be written as:

]
(53]

C i“
; - TS ; =8 g %
‘{:S\\fim - {)‘)} T f rof + {E - .-li:}} }' 8 ‘;;“—- }
e 16 ’

R
L
¥
. =2 ’a
L V;F"I’{ it

The input to output relationship of the MDAC circult 40 shown in figure 3 is

30 therefore:
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The value of second feedback capacior 41 may be set o O <8 and the input to
oiitput relationship can then be writlen as:

1631

Thersfors MOAC circult 40 may have a gain of 4 and a sublraction of the

anglogue input signal from the analogue representation af the encoded digital signal

1 according o —{1-20WVe The gain of MUAC circult 40 s *her@for@ half that of MDAC
cirewdt 20. As in MDAC circult 20, the analogue input sagna; is divided by 2¥ = 18 when
sampling, but the residue vollage in MDAC cdircult 40 as amplified by 4. Tharefors,

including redundancy, the input range of MDAC circuit 40 is scaled down by a factor 2.

15 Theretore MDAC circult 40 results in a range scaling of the input range o oulput

range by a factor of 2.

ft wilt be apprecialed that through selection of allernative values of second
feadback capacitor 41, difterent gains may be realised using MDAC circuit 40.

20
The connection of second feedback capadior 41 in a feedback configuration
across operational ampiifier 26 increases the value of Ciasen and therefore increases
the feedback factor of the MDAC circuit 40. '

25 The speed of the cireull is chavacterized by iis *\:Sdfis—f; equency, fie = kK 7 GBW,
where GBW Is the gain-bandwidth product of the ..m{}iifit:i’. The speed thus is
propottional 1o the feedback facior, making a high feedback fact@ desirable.

The feedback factor of MDAC circuit 40 can be calculated as:

30

A S
ot (L

‘SR
Lo p & 2
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Where G & the capacitance of second feedback capacitor 41, ¥ sscond
feedback capaciior 41 Is set {o have a capacitance equal to T¢/8, the fesdback factor of
MOAC cirouit 40 can be calculated as:

MODAC circuit 40 therefore exhibits an increased foedback factor over MDAS
circuit 20, This results in a shorter settiing fime of the MDAC circuit

The sum of capacilance values of the first feedback capacitor 22 and the
sampling capacifors should be equal to G, for the MDAC stage o perform the required
functions of sampling, digital fo analogue conversion, diferencing and amplification. The
sarme effect as described above could not theretore be achieved simply by increasing the

size of the first feedback capaciior 22.

in switched-capacitor MDAC circults the setiling speed & proportional o the
fsedback factor. This invention describes an MDAC circuit using an N-bit ADSC, capab

o

K3

of realising various required gains, and with an up to 20% spesd improvement as

comparad to tvpical MDAC circuits,

Shown in figure § is an alternative embodiment of an MDAGC circult 50 according
o the invention, in which the inverting input 35a of the opes rational amplifier 26 is instead
witchably connected fo a fixed vollage node 51, The secend piate 43 of the secord
feedback capaciior 41 is aleo switchably connected to the same fixed voliage node. Th
operation of the cireull In figure 5 is sssentially identical to f;hai of figure 4, as described
above, with the only difference being thal the second feedback capacitor 41 is
discharged directly {o the fixed voltage node 51 vig switch 44.

in other alternative embodiments, switch 27 may be connecled betwsen the
inverting 38z and non-inverting 35b inputs of the cperational amplifier.

As described above in relation to the embodiments shown in figures 4 and 5, the
range-scaling function of the MDAC s implemented with an additional second fesdbach
capaciior 41, When the value of this capacifor squals CJ8, and the open-ioop gain Aq,

of the operational amplifter 26 is high, the signal range of the output is scaled by a factor
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of 2 compared with the input. The introduction of the second feedback capaciior requires
some altention o be paid o maintain fnearfty. A non-inesr portion of the charge
sampied by the otal input capacitance G, is transferred 1o the second fesdback capacitor
41, When the inpud capacitance is rgconnecied o the inpul to acquire the next sample,
fts remaining charge could cause distortion due to intersymbol interference (SIL
order 1o avoid this, a charge-reset switch arrangement 81 can be implemeniad in the
pipeline stage circult 80, as showr i figure 8. The circudt 80 of figure 8 is otherwise
similar fo the ciroult shown in figure 4. The charge-reset swilch amangement &1
comprises a plurality of switchses, each switch connescted betweern a plate of sach of the
sampling capacitors 22, 21 and 3 fixed voitage node 82, which may be held at ground or

a fixed voltage supply.

Figure 7 shows an exemplary iming diagram for the swilches 81 of fiqure 8
Cperation {{.e. closing) of the swilches 81 is triggered by a clock signal R, causing the
inpul capaciiors to be resel. A further clock signal @y then causes the m* ul switchies to
close, shortly afler the swilches 61 are openad. The remaining operation of the circult 80

is similar o hat describad above in relation fo figure 4.
3

Adding the charge-reset switching arangement 81 0 the input stage of the clrouit
60 avoids the need for a dummy nput sampling capacitance {(for example as disclosed
by P. Bogner et al, in "A 14db 100MS/s digitally seif-calibrated pipelined ADC in 0.13um
CMOS," ISSCC Dig. Tech. Papers, pp. 224-225, Feb, 2008}, thereby saving a significant
amourt of power needed to drive the capacitive loading on the circuit.

The invention may be applied in the design of 14-bit 125-MS/s ADCs for high-
spead analogue-to-digital and digialto-anglogue conversion. Future products possibly
noorporating the invention are eg. a standslone 14-bit ADC for communication

nfrastructivre and an embedded 12-bit ADC for consumer products.

Other embadiments are intertionally within the scope of the invention, as defined

by the appended ciaims.
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CLANMS

1. A multiplying digitalo-analogue converter circult for a siage of a pipelined
analogue-to-digital converier, the multiplying digital-io-analogue diroult comprising:

an operational amplifier;

al least one sampling capacitor having a first plate connected o an input of the
operational ampiifier;

a first feedback capacitor having & first plate connecied to the input of the
opergtional amplifier,

a second plate of the al least one sampling capacitor and the first fesdback
capaciior being switchably connected to an analogue signal input according io a first
cicek signat to permit sampling of an analogue signal,

the second plate of the at least one sampling capacitor being addiionally
switchably connecled o a reference voltage according fo a second clock signal in
combination with a digital input, the second plate of the first feedback capaditor bein
switchably cormected to an output of the operational amplifier according to the secand
clock signal, and

a second feedback capacitor having a first plate connected to the put to
the operational amplifier, and a second plate swifchably connected {6 the input of the
aperational ampifier according fo the first clock signal, the second plate being switchably

cornected ¢ the output of the operational amplifier according to the second clock signal,

2. The muitiplying digital-to-analogue converter circuit of claim 1, wherein the
nput of the operational ampiifier is switthably connecled o a fixed voltage node

according to a third olock signal.

3. The mutliplying digitai-<o-analogue converter oircuit of claim 1 whersin the
noarrinveding and inverting inputs of the operationa! amplifisr are switchably connected

together according to a third clock signal

4. The mulliplying digital-io-analogue converter circuit of claim 1 whersin the
sscond plate of the second fesdback capaciior is switchably connected directly fo the

input of the operational amplifier according to the first clock signal.

&, The multiplying digital-to-analogue converter circult of claim 2 wherein the
second plate of the sscond fesdback capacitor is switchably connected to the fixed

voifage node according to the first clock signal.
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8. The multiplying digital-to-analogue converter circult of claim 1 inciuding a
plurality of sampling capacitors amranged in parallel, sach sampling capacitor

corresponding o a bit of the digital signal input

7. The multiplying digital-to-analogue converter ciroult of ciaim 8 wherein the
vaiue of esach of the sampling capacitors is the same.

8. The mulliplying digital-e-analogue converter cireuit of claim 6 wherein the
vaiues of the sampling capacitors are binary weighted.

8. The mulliplying digitalto-analogue converier circuit of any preceding claim
wherein the value of the firs! feedback capacitor and the second fesdback capacitor ars
the same,

1 The mutliplying digital-to-analogue converter civeuit of any preceding olaim
whereln the first plate of each of the at least one sampling capasitor is swilchably
connecied {0 a fixed voltage node according o a third clock signal

1. A plpeiined analogus-to-digital converter Tmcé'uding 2 mulliplying digital-lo-

natogue converter circult according to any preceding olak

«vf

[}

12, A method for providing an amplified residue voltage In & stage
pipelined analogue-to-digital converter using a mulliplying digitai-io-analogue converter
cireull according 10 claim 1, the method comprising the steps of

a} sampling an analogue signal presented at the analogue signat

input of the clrouit;

s} holding & charge corresponding o an instantanecus value of the
sampied analogue signal on the second plate of the at leastone pling capacifor;
e} differancing the sampled analogue s»g"a with an analogue

reprasentation of a digital signal presented o the circuit to provide a residue voltage; and
d3 amplifying the residue vollage to provide an oulput signal o g further

stage of a pipelined analogue-to-digial converter,
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