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Transactions Briefs

A CMOS Fully Balanced Differential Difference Amplifier Il. DESIGN TRADEOFFS

and Its Applications The DDA is a five-terminal device as shown in Fig. 1(a). It has two

differential input ports,(V,,—Vp») and (Vi ,—Vas ) rather than two
single-ended inputs, as is the case in the conventional op-amp. The
output of the DDA can be expressed as

Hussain Alzaher and Mohammed Ismail

Abstract—This brief presents the fully balanced version of the differ-
ential difference amplifier (DDA) as an essential building block for imple-
menting fully differential architectures of analog CMOS integrated circuits
(ICs). We demonstrate that the fully balanced differential difference ampli- ) .
fier (FBDDA) provides the solution for systematically developing fully dif- Where A, is the open-loop gain of the DDA. Analogous to the tra-
ferential versions of any single-ended op-amp based circuit. We also show ditional op-amp, when a negative feedback is applied, the differential
that, unlike the DDA, the FBDDA exhibits a wide input range without de- voltages of the two input ports become equal
manding complex circuitry. A low-power class AB CMOS realization of the
proposed circuit has been designed and fabricated in a 1.2 technology.
All proposed design techniques and circuits were experimentally verified.

‘fn = fln[(‘/’pp - ‘fpn,) - ("l,np - ‘fnn)] (1)

Vip = Von = Vap — Vo as Ao — o0 (2)
Index Terms—Amplifiers, CMOS analog integrated circuits, filters,
fully balanced differential difference ampilifier, fully differential op-amp

circuits, mixed-signal VLSI.

As the finite open-loop gainl, decreases, the difference between the
two differential voltages increases. Therefore, the open-loop gain is re-
quired to be as large as possible in order to improve the performance.
Like the op-amp, the DDA consists mainly of two stages: a differen-
tial-input single-ended output transconductance stage (differential pair
The differential difference amplifier (DDA) is a versatile analognith active loads) and a second gain stage (common-source amplifier
building block [1]-[3]. It has been used in several applications suatith an active load). However, the DDA uses two differential pairs to
as switched capacitor circuits [4], common-mode detection [5], [6lealize the two input ports as shown in Fig. 1(b). For low-power opera-
telephone line adaptation [7], multiple-weighted input comparator [8on and high current driving capabilities, a rail-to-rail output stage has
and continuous-time filters [3], [5], [9]. However, in order to makeéreen employed. More on operation of the output stage will follow in
the DDA-based circuit performances competitive with those of thte next section. A compensating capacitcr) and resistot R..) are
op-amp, a complex DDA design is required [3]. This is because teenployed to ensure stability.
simple DDA implementation which employs two differential pairs at The input differential range of the DDA is determined by the valid
its input ports [1] has a small differential input range. area of operation of the differential pairs at the input ports. It is will
This brief presents the design and implementation of a class AB fullypown that the profile of the differential output curréiy) of a differ-
balanced DDA (FBDDA). It demonstrates that a simple FBDDA imential pair versus the differential input voltage€,) can be expressed
plementation using differential pairs does not suffer from the limitegs
input differential range problem associated with a single-ended DDA.

|. INTRODUCTION

Also, it shows that the FBDDA provides the solution for fully differ- —I. if Vi < —y/32

ential realizations of op-amp circuits where both of the op-amp inputs I, = ‘_de\/m if [Va| < \/E ©)
are floating. This concept can be used to develop the fully differen- 2 K 4 - K

tial realization of countless number of circuits. In fact, the concept of I, if Vg > %

FBDDA was originally introduced in [4] as a fully differential voltage

buffer. It was also used to develop fully differential voltage buffergvherel, is the tail current andy is the transconductance parameter
common-mode adapters, and single-ended to differential-ended c@hMOS transistors. The operation of the transconductors is valid as
verters [10]. Fully differential architectures improve the performandeng as!, is proportional tol’, in other words, both transistors carry
of analog and mixed analog/digital systems in terms of supply noigecurrent ofVy| < /21, /k. Outside this region, either current of the
rejection, dynamic range, and harmonic distortion and reduces the @fferential pair is zero. The other important parameter of the DDA is
fect of coupling between various blocks [11]. Implementation of a fullifs input referred noise. It can be shown that the thermal and the flicker
differential noninverting amplifier is given as a design example. THeput referred noise of the DDA of Fig. 1(b) are given by

following section discusses the design issues and Section Il presents

the implementation of the proposed low-power class AB FBDDA. Sec- V2 _ng 1 EI{-T Jmp. VAR

tion IV presents examples of using the FBDDA in realizing fully dif- thermat () = 3" G + 377 \Gonn Grp

ferential versions of several essential op-amp based circuits. (4)

2 2 2K, tp K,L,
Viiieker () =0t {W/"'n,Ln + <N”> <m>}

therek is the Boltzmann’s constarii.38 x 1072% JK™!), T is the

(5)
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are the small-signal transconductance of MOS transisioysand i,
are the flicker noise constant for NMOS and PMOS transistidrs,
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Fig. 1. Single-ended DDA symbol. (a) Symbol. (b) Class AB realization.

and L are the width and the length of the transistgrs,and ., are and power consumption. On the other hand, the input range can always

the carrier mobilitiesC.« is the gate oxide capacitance per unit aredye increased and noise and nonlinearity be decreased at the expense

and f is the frequency. It is clear that the transconductaeg.) of  of more power by increasing,, but this is unsuitable for low-power

the differential pairs should be made as large as possible to minimegeplications. Clearly, there is a tradeoff between achieving high input

the thermal noise. Also, increasing the width of the differential padifferential range, low noise, and low distortion in the DDA designs.

transistors clearly minimizes thg f noise. However, and as it will be shown in the following section, the FBDDA
The third important parameter is the linearity of the circuit. Since thaoes not suffer from this problem.

DDA is used in a closed-loop configuration, the larger the open-loop

gain of the DDA the better is its linearity. The small-signal no-load gain I1l. M ONOLITHIC IMPLEMENTATION

of the DDA can be approximately expressed as
PP y exp A fully differential architecture of the DDA can be designed in much

the same way as the conventional op-amp. This results in fully balanced
Ao = grmn(Tds1//7ds3/[7ds5)(Gmo + gm10)(rdso//Tds10)  (6) outputs

wherey,,, andr . are the small-signal transconductance and the output Vop = =Von = Ao[(Vop = Von) = (Vap = V). @
resistance of MOS transistors. Clearly, the gain is directly proportional
t0 grmn . The proposed low-power FBDDA including the common-mode

Because of the virtual short property in op-amps where the differeieedback (CMFB) circuit is shown in Fig. 2. The FBDDA has been
tial pair operates dt; ~ 0, itis possible to select the wid{#") of the fabricated in a 1.2¢em N-well CMOS process. Fig. 3 shows the
differential pair transistors as large as desired to increase its transgaimetomicrograph of the FBDDA occupying an area of 0.1 7rim
ductancey,, = j{,j Vi =0 =+/K1,.Hence, noise is minimized anda MOSIS test chip. A traditional CMFB circuit [11] consisting of
linearity is improved. On the other hand, the two inputs of each of theansistors Mc1-Mc7, two capacitof€'cr ), and two resistorsRcn )
two differential pairs in the DDA are not virtually shorted and the difis employed to establish the common-mode output voltage, and
ferential pairs do not operate at a fixegl. In fact, asl; increases, the without it the common-mode voltage output would drift. It determines
transconductance of the differential pair decreases and becomes #eemutput common-mode voltage and controls it such that it is equal to
for |Va| > /2I,/K. Therefore, ifK" or (WW/L) of the differential some specified voltage (usually mid-r&il..) even with the presence
pair transistors of the DDA is selected to be small as in [1] and [4f large differential signals.
to increase the input range, noise and distortion will be large, wherea§wo similar class AB rail-to-rail output stages are incorporated
selecting largéV/ L as in [2] results in a small input range. Alterna-to achieve well-determined low standby power consumption with
tively, linear transconductors can be used instead of simple differegeod output current driving capability. The first consists of transistors
tial pairs [3] and [8] to increase the input differential range. Howevekl7-M10, and the second formed by transistors M16-M19. Transistors
it could lead to complicated realizations with higher noise, distortioh]14 and M15 are used to properly bias both stages. Considering the
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Fig. 3. Die photo of the proposed circuit.

first output stage, its operation can be described by the following tv
translinear loop equations: d)

Fig. 4. Negative feedback combinations (a) and (b). Outputs are fedback to the

Vsgo + Vast + Vasio =Vpp — Vss (®)  same differential pair. (c) and (d) outputs are fedback to both differential pairs

‘saia + Vasis + Vass =Vop — Vss. 9)

. . . However, when the circuit is supplying current, M9 will be fully con-
Since transistors M7 and M8 have the same size and carry the sgjjjing while M10 will be almost off. Similarly, when the circuit is
current, then they have the same gate source voltagest€:, = gjnking current, the transconductance of M10 is dominate and that of
Vass). M9 is negligible.

Since the FBDDA is used in fully differential circuit architectures,
Vscia + Vasis = Vsao + Vasio = constant (10) both of its outputs are fed back to two of the inputs. As such, there
are four combinations to achieve negative feedback as demonstrated in

Fig. 4. These circuits are obtained by feeding back each output to one

During standby mode no current is withdrawn from the output termin%l[ the inputs preceded by a negative sign in (7) (1&,, or V., for
" np

and the currgnts of M9 and M10 are equal. Therefore, the current of /(g} andV,,, or V., for V.,.). Since the FBDDA is symmetrical, these
output transistors is equal to the standby current

four combinations can be reduced to two categories. The first category,
shown in Fig. 4(a) and (b), exhibits the negative feedbacks to the same
Inrs = Inio = Invra = Innis = Iss. (11) differential pair while the second, shown in Fig. 4(c) and (d), comprises
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Fig. 5. DC curves for the different feedbacks. (a) Results of Fig. 4(a). (b) Results of Fig. 4(c).
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Fig. 6. Transient responses for the different feedbacks. (a) For Fig. 4(a). (b) For Fig. 4(c).
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618 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 48, NO. 6, JUNE 2001

Vi +
— Vo
@
R2
R1
— ~— Vo
- Vi -+
©
R
R1
vi —A\— VHP __/V\/—J
VBP -
R2 — VLP
(e)
R3
R1

+ —A\N\
Vi R1 _/V\l

®

Fig. 8. Several fundamental applications of the fully balanced DDA. (a) Single ended buffer. (b) Fully differential buffer. (¢) Single endedingranwglifier.
(d) Fully differential noninverting amplifier. (e) Single ended state-variable filter. (f) Fully differential state-variable filter.

the feedbacks to both differential pairs. The first category behaves siexperimental results. Moreover, measured transient responses of the
ilar to the DDA since the differential pair which has no feedback apwo circuits with a21/,, sine wave input are shown in Fig. 6. It can be
plied to it, will not exhibit a virtual short between its inputs, whereaseen that, unlike the circuit of Fig. 4(a), the circuit of Fig. 4(c) exhibits
the second will behave like an op-amp because the feedbacks arethp-operation of each differential pair inputs near zero. Obviously,
plied to each of the two differential pairs, and hence each pair will e#he output of the circuit of Fig. 4(a) is highly distorted while that of
hibit virtual short between its inputs. Therefore, both differential pairsig. 4(c) is not.
will operate nea#’; = 0 andg....((W/L).) can be designed as large Simulation results shows that the profile of the input referred
as desired to achieve low noise, high input range, and low distortianise of the circuit of Fig. 4(c) decreases @§/L),. is increased.
simultaneously. More specifically, the flicker noise decreases frdms nV/vHz
Experimental and simulation (dotted curves) results of the 25 nV/v/Hz and the thermal noise drops frod8 nV/v/Hz to
dc transfer characteristics of the circuits of Fig. 4(a) and (c§,nV/v/Hz as(W/L), is increased fron9u/3u to 498u/3u. Fig. 7
with Vbp = —-Vss = 1.5 V, standby current of 38Q:A, shows the predicted maximum values of the input for a prespecified
(W/L),, = 198 n/3u and3 = 1, are shown in Fig. 5. Clearly the tolerable total harmonics distortion (THD) percentage as a function
circuit of Fig. 4(c) has a much wider linear input differential rangeof (W/L),. It can be seen that, d$V/L), increases the allowed
Also, it can be seen that simulation results agree closely with th®ut range of the FBDDA, unlike the case in the single-ended DDA,
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Fig. 9. The measured response of the fully differential noninverting amplifier.

increases for a given THD. However, only a slight improvement feilly differential noninverting amplifier is shown in Fig. 9. The ampli-
observed for(W/L),, greater thanl98 n/3 p. On the other hand, fier gainis changed from 6 dB to 30 dB in steps of 6 dB by adjusting the
varying (W/L),, changesy.» which alters the FBDDA frequency value of resistorgt; . Other applications include the implementation of
response. Simulation results shows that the required value of fody differential versions of the instrumentation amplifier, first-order
compensation capacitors becomes large(d§ L), is increased. allpass filter, the balanced time constant integrator and innumerable
Since for(WW/ L), larger thanl98 x/3 n the improvement in terms of other single ended op-amp circuits with floating op-amp inputs.
noise and input range would not justify the use of a large compensation
g?lpl?gltgrm//L)n = 198 11/3 1 was used in our design of the circuit V. CONCLUSION
This brief presents the design and implementation of a low-power
fully balanced DDA (FBDDA). It demonstrates that the FBDDA is an
IV. APPLICATIONS essential building block to systematically implement fully differential
Application examples demonstrating the need of using the FBDD%Chitectures Of countless number of op-amp base_d circuits. Also, it
. . . . . . shows that, unlike the DDA, the FBDDA simple realization based on
in realizing fully differential versions of several basic op-amp based cit:

cuits are described. It is well known that circuits based on op-amps chﬁerentlal pairs exhibits a wide differential input range. The proposed

be directly transferred to a fully differential realization with fully dif- circuits were fabricated in 1.2m CMOS technology. Experimental

ferential op-amps. However, this is possible only if each of the op-amE)esSUItS verifying the operation of the proposed circuits are provided.
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1665-1668. % > PP Fig. 1(a) shows the basic bipolar high transimpedance CFOA
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oberti, “Fully differential basic bulding blocks based on fully differential[5], and [6]. The circuit is composed of a positive second generation
difference amplifiers with unity-gain difference feddbadl€EE Trans.  ¢jrrent conveyor (CCH) with low input resistance?x at nodeX
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[11] D.Johns and K. Martiminalog Integrated Circuit Design New York: an a.nega Ive inpu r?S'S ance at ngd¢s]. n. IS SO .u lon severa
Wiley, 1997, ch. 6. undesirable effects (high common mode gain and input offsets) are

present due to the mismatch between the transigihrs@); and
between the transistor@.—(Q4 [5] and [6]. Fig. 1(b) shows another
bipolar CFOA topology based on a low -input CCIH recently
proposed [4]. In this case the C&llis configured from a CCI [4].
Unfortunately, this solution requires two additional current mirrors
Bipolar Low-Power Operational Transresistance Amplifier ~compared to the circuit in Fig. 1(a), which reduces its frequency
Based on First Generation Current Conveyor response. Fig. 1(c) also shows another high transimpedance op amp
topology recently proposed [7]. In this structure both input terminals
Hervé Barthélemy, lvane Koudobine, and Damien Van Landegherare directly coupled to the ground (dc grounded), and the input voltage
is the difference between the two input currents multiplied by the
transresistance of the amplifier [7]. Due to the fact that inputs are dc
Abstract—A new class AB bipolar transresistance topology suitable for grounded in this structure, the topology does not allow the design of
low power applications is presented. The circuit uses a positive first gen- a voltage amplifier with high input impedance. Also, the low input
eration current conveyor (CCl+) as floating input stage. Simulation re- . ~ . . .
sults, using nominal parameters for the bipolar transistors arrays HFA3127  Fesistance at the' node is nearly twice as much as the one at terminal

and HFA3128 from Intersil semiconductor, are presented to demonstrate X, introducing a relatively high common mode gain.
the amplifier performance. Simulated performances give an 85 dB low fre-

quency open-loop gain for a total power consumption of 3524W at 3-V

supply voltage. To demonstrate the principle, the operational amplifier is I1l. PROPOSEDTOPOLOGY AND APPLICATIONS
used to implement inverting and noninverting amplifiers, for which the

analysis, simulations, and experimental results are given on a prototype A. Proposed Topology

ing bipolar t ist . . o . .
using bipolar transistor arrays For voltage mode operation, it is interesting to show the properties of

Index Terms—Bipolar transistors, current conveyors, low-power circuits,  the amplifier in Fig. 1(c) when the input terminals are not dc grounded.

transimpedance amplifiers. This leads to the proposed topology shown in Fig. 2(a). The first stage
is a CCH- (nodesX, Y, andZ) [8] and the second stage is a classical
I. INTRODUCTION voltage follower. Fig. 2(b) represents the circuit in Fig. 2(a) taking into
] ) account the low frequency parasitic elements for both the(Catid the

The most important features of the current feedback operational aBttage buffer. The active circuit composed of the nodiésY’, andZ
plifier (CFOA), also called operational transimpedance amplifier, aggrresponds to an ideal CEl(i.e., Vy = Vy/, Iy = Iy = I.)[8].
wideband and high slew-rates [1], [2]. Their properties allow extendgge circuit is different from a classical CFOA, because the terminal
applications based on conventional voltage feedback operational amgjoes not directly exhibit a high input impedance. Fortunately, this
plifier (VFOA). Recently, new class AB voltage buffer topologies withshows that feedback applications allow a high gain amplifier design
low output resistance have been proposed in MOS [3] and [4] and\ijh relatively high input impedance.
bipolar technologies [5] and [6]. A bipolar class AB second generation considering the proposed topology in Fig. 2(b), the relationship be-

current conveyor with low input impedance [5] and [6] can be configyeen the output voltagés 1+ and the differential input voltagd’(: —
ured from these buffers to obtain a high transimpedance CFOA. Unfq{{,) is given by

tunately the mismatch between n-type and p-type transistors, or the use

of numerous current mirrors, reduces the performance of such CFOAs ) R, i

[3] and [6]. The purpose of this brief is to introduce a new building Vour = Rx (Vy = Vx)- @)

whereRx (Rx > 0) is the serial parasitic equivalent resistance at
Manuscript received June 2000; revised May 2001. This paper was recanedeX of the first current conveyor [4], [8]-[10], anll; the parasitic
mended by Associate Editor G. Cauwenberghs. outputimpedance at node NodeX corresponds to the negative input
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