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The Differential Difference Operational \Z

Floating Amplifier: A New Block for Analog V2 h
Signal Processing in MOS Technology . , Vo
Soliman A. Mahmoud and Ahmed M. Soliman v4

Fig. 1. Symbol for the DDA.

Abstract—A wide-range differential difference operational floating
amplifier (DDOFA) is introduced. The DDOFA is a new block useful
for continuous-time analog signal processing. The DDOFA is realized Vi To-
using a differential difference transconductor with large signal handling V2 .
capability and a single input differential output current op-amp. The

DDOFA forces two differential voltages to the same value and provides V3 - o/

two balanced output currents. This brief presents a CMOS realization To+

of the DDOFA, and some of its applications are provided, such as va

a voltage-to-current converter, MOS-grounded and floating resistors,

a MOS multiplier/divider cell, a differential integrator, a continuous-  Fig. 2. Proposed symbol for the DDOFA.

time MOS-C filter, a MOS-C current oscillator, and a MOS-C floating

inductor. Simulation results for the DDOFA circuit and its applications

are given. For a finite open-loop transconductance gdin, the difference
Index Terms—Operational floating amplifier. between the two differential voltages increases(as decreases.

Therefore, the open-loop transconductance gain should be as large
as possible to achieve high-performance operation. The DDOFA is
I. INTRODUCTION realized using a differential difference transconductor which converts

Before discussing the differential difference operational floatingje two differential voltages into a current which is then amplified
amplifier, a short refresher of the differential difference amplifigpy Using current op-amps with balanced outputs. _
(DDA) is given. As discussed in [1]-[5], the DDA, whose symbol is In this brief, an NMOS realization of a programmable linear
shown in Fig. 1, is an extension of the concept of the op-amp, tgidferential difference transconductor with large signal-handling ca-
main difference being that, instead of two single-ended inputs asRability is given in Section II. In Section IlI, the overall DDOFA
the case of op-amps, it has two differential input pofts — V) and ~ Circuit using the proposed differential difference transconductor and

(V4 — V). The output voltage of the DDA can be written as current op-amp is given. Specific DDOFA-based applications, such
as a voltage-to-current converter, a MOS grounded resistor, a MOS

floating resistor, a MOS multiplier/divider cell, and the application of
the DDOFA in the realization of a continuous-time MOS-C filter, a
) ] ~ MOS-C current oscillator, and a MOS-C floating inductor are given
where A, is the open-loop gain of the DDA. When a negative, section IV. Simulation results using PSPICE for the DDOFA

feedback is introduced 164 and/or Vi, the basic equation that gjrcyit and its applications which verify the analytical results are
characterizes the operation of the DDA is obtained as also provided after each application.

Vo= A,[(Va = Vi) = (Vi = V3)] W

7. T — YV, — 1. =
Va=Vi=Vi-V3 with 4, — oo. @) Il. THE PROPOSEDDIFFERENTIAL DIFFERENCE TRANSCONDUCTOR

. ] ] In this section, a realization of a linear NMOS differential differ-
The DDOFA, whose symbol is shown in Fig. 2, also has tW@nce transconductor whose transconductance can be tuned by a bias
differential input ports, but in addition, it provides two balanceqgjtage Vs is introduced. The differential difference transconductor
output currents through the two output terminals instead of one OUtF?Hf)resents the input stage of the DDOFA shown in Fig. 3 and is
voltage as in the cases of op-amps and DDA's. Therefore, the outRifineq from transistors\/ 1-M16. All transistors are assumed to
currents of the DDOFA can be written as be operating in the saturation region with their sources connected to
their substrates.
Iog = =TI = Go[(Va = V1) — (Vi = V3)] (3) The drain current of the NMOS transistor in that region is given by

whereG, is the open-loop transconductance gain of the DDOFA. If a I, = E(‘/GS — V) )
negative feedback is introduced, fram. (I,—) to V5 and/orVy (V2 2

and/orV3) which is indicated from (3), the following expression is
obtained: where K = ., Cox(W/L), (W/L) is the transistor aspect ratip,
is the electron mobilityC.x is the gate oxide capacitance per unit
VomVi=Vi—Va with G, — oo. (4) area, andi’y is the threshold voltage (assumed to be the same for
every NMOS transistor).
_ ' _ _ TransistorsM 1-M8 are assumed to be matched transistors, and
Wa“gig‘éiﬁ:ﬁgﬁg:&"gg iig;‘é?;i’ezéaig?% rﬁ:rs;é?\ March 12, 1997. This papggir currents are linearized by using the four biasing circuits formed
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Fig. 4. Differential currentl; of the differential difference transconductor when the inputs of the same polarity are shorted together.

Consider the biasing circuit formed from/11 and A/ 15; the and the same current flowing througli15 is given by
current flowing through M11 is given by

Iy = B0V -V, - vr)? (6) L = “22(Vis + Voo + Vi)’ @)
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where Vi is the control voltage, takinglii's = Ki5; hence, from I
asi s g Vol e
(6) and (7), the biasing voltagg, is given by te
Va=Vi=Vs=Voo. ® vid ™% GmVid gRol  —=Col ZRil Cil—= (gm27 + gmag)Vol

Similar expressions for the biasing voltagés V., andV; can be

obtained and are given, respectively, by Fig. 5. Simplified function model for the DDOFA.

Vi=Vo— Vi — Voo 9)
V.=V = Vi — Voo (10)
Va=Vi-Vs=Vop. (11)

Therefore, the currents flowing througif 1-A/8 can be obtained.
The current of the transistot® 1-A 4 can be written as

R=10K

K
I; = %(VZ- —Vop — VT)Q, fori =1, 2, 3, 4. (12) =
Fig. 6. DDOFA-based voltage-to-current converter.

The currents of the transistofd 5—1/8 are given, respectively, by

transconductof, andI, are subtracted and converted into a voltage

Is = %(Vz - Vi - Vr)? (13) with a high gain by using the complementary folded cascode amplifier
K ) formed from transistors\/17-M24 [6]. The amplified voltage is

Is = 3(1/1 -Vs=Vr) (14) then converted into two balanced currefys and,_ by using the
K ) transconductance output stage formed fréf@5-330 [7]-[11]. In

I =5 (Vs = Ve = Vi) (15)  addition, a compensation capacitaf') is added between the,
K . node and ground.

Iy =5 (Va=Vs = Vr)". (16) A simplified function model for the DDOFA can be introduced
- as in the case of the op-amp [12] which is composed of ideal

The transconductance output currdptis given by circuit elements shown in Fig. 5. The input signal is the differential

difference voltageV,y = (V> — V1) — (Va — V3) applied across
Riw (considered to be infinity). This voltage is converted into a
currentG,,, Via, whereG,,, is the transconductance of the differential
) difference transconductor circuit. This current is converted into a
From Fig. 3 voltage V1 by the gain stage of equivalent output resistance and
capacitance?,; andC,, respectively. This voltage is then converted
Li=(L+L+IL+1s)— (L + L+ I+ Ir). (18) into two balanced currents, . andl,_ by the output transconductor
with the equivalent input resistance and capacitaiige(considered

By substituting from (12)~(16) in (18), the transconductor outpdP P€ infinity) andC%, (includes the compensating capacitor). The

Iy=1,-1,. (17)

currentZ, is given as frequency-dependent output current of the DDOFA is given by
- - - - Gowp - 7' p -

Ii = Gm[(Vo = Vi) = (Vi = V3)] (19) Lot =g~ (V2= V1) = (Vi = V3)] (21)

where where the open-loop gaié, is given by
Gn=K(\Vs+Vpp). (20)
—1a {la . N

Therefore, the NMOS circuit formed from transistd&l-1/16 and Go = 5Gm{[gm20ras20ma518)/ [ [gm227 ds227a524] }
shown in Fig. 3 operates as a differential difference transconductor “ (gm27 + gm29) (22)

with a programmable transconductar@g,.
Fig. 4 shows the PSPICE simulation results of the differentiaind wp is given by
current of the differential difference transconductor indicating the
wide linearity range wherd; and V,; are shorted and> and V3 , 1
are also shorted and scanned frer8 to 3 V with Vg = =3.7V we = {[gm207ax207as18) )/ [gmazraszaras2a] } (Cor //Cit)
and the supply voltag&»,» = 5 V. The THD of the 1 V peak-to- (23)
peak 100 kHz sinusoidal input signal of the differential difference
transconductor is 0.498%.

where G, is the transconductance of the differential difference
transconductor.
IIl. THE OvERALL DDOFA CirCuIT PSPICE simulation results for the DDOFA circuit are given in
The overall DDOFA circuit using the differential differenceTable I, with the transistor aspect ratios given in Table Il, and the
transconductor is shown in Fig. 3. The two output currents of theompensation capacit@' = 5 pF.
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Fig. 7. (a) DDOFA-based grounded resistor. (b) Noninverting integrator using the DDOFA grounded resistor. (c) Lossy current integrator using the

DDOFA grounded resistor.

TABLE |
I
\'2! —
The supply voltage Vpp =5V e 1
The control voltage Vp=-37V J/
VG5
Parameters Simulation results M1
Standby DC power dissipation 10mwW
Input offest voltage ImV
DC gain 50 Db mA/V
Unity gain BW 10MHz
Phase margin 60 degree
Common mode input 351035V To
V2 &=
l12
N
TABLE Il vo[;
M2 -
MOS Transistor Aspect ratio (W pum /L im ) = N
MI1-M8 2/16
MS-M16 474 Fig. 8. DDOFA-based floating resistor.
M17,M24 160/10
M25-M30 30/2
the MOS transistort/; which is given by
IV. ApPLICATIONS OF THEDDOFA I, =2K (Ve = V)V, for Ve > |Vi| + Vr. (25)

In the following subsections, several applications of the DDOFA
circuit are discussed, and the PSPICE simulation results are givenrtterefore, the circuit is equivalent to a voltage-controlled grounded
verify the concepts. resistor with magnitude given by

1

" 2R (V- V)’ )

A. The DDOFA Voltage-to-Current Converter

Fig. 6 shows the DDOFA differential voltage-to-current converter.
The voltage-to-current converter has a high input impedance since #F®PICE simulations of the MOS grounded resistor steppindrom
inputs of this circuit are directly the inputs of the DDOFA'’s (gate9.5 to 4.5 V in steps of 0.5 V sweepirfg from —1 to 1 V reveals
of MOS transistors). In addition, only a single grounded resistor i linear characteristic, and for a 1-V peak-to-peak 100-kHz input

needed. The output current of this circuit is given by signal the THD calculated using; = 3 V and K = 55/3 pAIV?
is 0.589%.
(=W The circuit shown in Fig. 7(a) also realizes a voltage-to-current

I, = (24)

R converter by using the extra output terminal of the DDOFA. The

output currentl,, is given by

PSPICE simulations of the voltage-to-current converter stepping

from —1.5to 1.5 V in steps of 0.75 V sweepirig from —1.5t0 1.5 I, =1 =2K(Vg—Vr)Vi. 27)

V (similar to what has been shown in Fig. 4) reveals a linear current

variation of £140 pA. The THD of a 100-kHz input signal with 1 A noninverting integrator can be realized as shown in Fig. 7(b), and

V peak-to-peak is 0.439%. the output voltagd/, is given by

B. DDOFA-MOS Grounded and Floating Resistors Vo= 2K(Ve — V)
An equivalent grounded and floating resistor can be realized using ’ SC

the DDOFA and MOS transistors operating in the nonsaturation ) . ) o

region. The current through the MOS transistors in that region cAnl0SSY current integrator is realized as shown in Fig. 7(c), and the

Vi. (28)

be linearized if its drain and its source are out of phase [13].  OUtput current, is given by

1) The MOS Grounded Resistoithe DDOFA-MOS grounded re-
sistor is shown in Fig. 7(a), where the DDOFA inverter is connected I, = 1 1. (29)
between the drain and the source nodes of the transistor. Therefore, + s5C

the input current of the circuit equals the linearized drain current of 2K (Ve = V1)
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Fig. 9. (a) DDOFA-based multiplier/divider cell. (b) DC curves of the multiplier.

2) The MOS Floating ResistorThe DDOFA can also be used todifference between the linearized currefitsand I.. Therefore,
realize a floating resistor as shown in Fig. 8, whédd and M2
are matched transistors operating in the nonsaturation region. The
input and output currents of the floating resistor are forced to be the ILi=1,=1 — L =2K(Vqg - Vr)(Vi = V2). (30)
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(©)
Fig. 9. (Continued) (c) Output voltage of the divider along with the triangle input signal.

Therefore, the circuit shown in Fig. 8 is equivalent to a voltagdransistorsi/3, M4 are given, respectively, by

controlled floating resistor with magnitude given by I = I =2K:(Verr — Ve )V, (32)
1 2 = 1 — VG2
‘,1 _ V2 1 Ig — I4 22130(" G3 — G4)Vo- (33)
R= = s o (31)
L 2K (Ve = Vo) Applying the KCL at nodez, one obtains
. . . . K; (Va1 —Va
PSPICE simulations of the MOS grounded resistor steppinffom Vo = Iz %Vi. (34)
o 'G3 T VG4

—1to 1Vin steps of 0.5 V sweeping, from —1 to 1 V (similar to
what has been shown in Fig. 4), reveals a linear current variation Bfus, the circuit achieves the computation(&XVg12/AVg34)Vi.
+60 pA and for a 1-V peak-to-peak 100-kHz input signal, the THDOThe circuit also performs four-quadrant multiplication for the input
calculated using’c = 3 V and K = 55/3 uAIV? is 0.589%. signalsV; and (Vu1 — Vigz) with the gate voltage¥s and Vs as
the control voltages. The circuit also operates as a divider circuit for
the input signald’; and (Vs — Vaa) with the gate voltage®: and
C. The DDOFA-MOS Multipler/Divider Cell Va2 as the control voltages.

Analog multipliers and dividers have a wide range of applications 'I":he cglcbtrar?tsge{, curves cc): fthe CI{C:,III 1asva rr(;ulttrl]pllzr.ﬁare ?.h(len
in traditional analog signal processing, telecommunications, al ig. 9(b) wi scanned from—1 1o an € dierentia

electronic systems, as well as in analog computational systems ba%%tc? voltage(Ve — Vez) scanned from-1t0 1V . OThe THD

on biological neural paradigms [13]-[18]. ra 1-V peak-to-peak 100-kHz input signal is 0.604%. The circuit
A MOS multiplier/divider cell can be realized using the DDOFA'S also tested as a divider in which the process of signal inversion

and MOS transistors operating in the nonsaturation region by usit demonstrated. In this application, thié and Ve, are held

circuit techniques similar to that used in obtaining linear groundedgnStan”‘ =1V, Va1 =4V, Vo =3V, Vi is a :ZL -kHz

and floating resistors. The proposed MOS multiplier/divider cwcﬁ"”mgu'ar wave vzarylng between 0.5 ar)d 2.5K, = 25 pAV™ and

is shown in Fig. 9(a). It comprises six DDOFA’'s and four MOS» = 55/2#A/V". The output voltagd’, which is proportional to

transistors operating in the nonsaturation region, widdeand M 2 1/Vas4 is shown in Fig. 9(c), along with the input sigrig].

are matched transistors, anfi3 and /4 are also matched transistors.

The cell is reconfigurable to achive a four-quadrant multiplicative &- The DDOFA-Based Differential Integrator

division through the same topology with no additional circuitry. The Fig. 10(a) shows the DDOFA-based differential integrator. The

output voltage of the circuit is tunable via gate control voltages. THEDOFA differential integrator has a high input impedance since the

current differences of the MOS transistat$1, A2, and the MOS inputs of the circuit are directly the inputs of the DDOFA's (gates
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Fig. 10. (a) DDOFA-based differential integrator. (b) Output of the integrator along with the square wave input signal.

of MOS transistors). In addition, only a single grounded resistor amategrator and the DDOFA-based grounded resistor are used to
a single grounded capacitor are needed; hence, there are no passipement a continuous-time filter with voltage and current outputs
component-matching requirements. The output of the circuit withofgr both the bandpass and highpass and a voltage output for the

R, is given by lowpass characteristic as shown in Fig. 11(a). The transfer functions
v Vi —Va 5 of the filter are given by
°7 SCR:
Fig. 10(b) shows the PSPICE simulation results of the integrator with Vi p 52
a square-wave input of 1 V amplitude and a frequency of 25 kHz, Vo= m (37)
where R = 10 k2 andC' = 1 nF. By adding the grounded resistor ! 2'
R- in parallel with the capacitor, a lossy integrator can be obtained 1 e _ S°/Ri (38)
with an output voltage given by Vi D(s)
Vep —=S/R.Cy (39)
v, = APy, (36) Vi~ D)
S+ 1/R.C Igp _—5/313201 (40)
Vi D(s)
E. The DDOFA-MOS-C Continuous Time Filter 1
The differential integrator is a basic building block in realizing Vir _ RiR:CiCo (41)

continuous-time filters [20]-[25]. The DDOFA-based differential Vi D(s)
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Fig. 11. (a) DDOFA-based MOS-C continuous-time filter. (b) LP, BP, and HP responses.
where F. The DDOFA-MOS-C Current Oscillator
X 1 1 Fig. 12(a) shows the DDOFA current oscillator. The oscillator has
D(S)=5"+ e S+ RO C two outputsl,s.; andl..c2. In this circuit, a new block is introduced
et 1R which makes the node voltages and currentseofnd b out of
wo = 1 and Q = Bl_cl (42) phase. In addition to this block, two MOS grounded resistors and
VR R:Ci O R2Cy two capacitors are used to implement the oscillator. The condition of
. ) oscillation is given by
The magnitudes o2, and R are given by
R, C
1 1 2 1 _
R Ve =) T e v Y B G

The PSPICE simulation results for the LP, BP, and HP characteristiggking

are shown in Fig. 11(b), wher&, = 10k, R, = 10kQ, Ky = R, ¢y 1 45
Ko =25uA/V?, Va1 = Vaa =3V, C1 =10 nF, andCy = 1 nF. R C. 2 (45)
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Fig. 12. (a) DDOFA-based MOS-C current oscillator. (b) Two current waveforms of the current oscillator.

the radian frequency of oscillation is given by Fig. 12(b) shows the output waveform of the proposed oscillator
1 shown in Fig. 12(a) with the oscillation frequency adjusted to 25
Wose = F (46) KkHz by takingVey = Ve = 3V, K; = LK = 2 uAIV?, and
C1 = %CQ = 0.5 nF.
where In a practical implementation, the condition of oscillation may
R 1 and Ry = 1 not be achived exactly, the tuning property of the voltage-controlled

© 2K (Ve = V) 2K5(Var = Vi) grounded resistor®; and R can be used to achieve the condition

(47)  of oscillation.
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TABLE 11l
No. | DDOFA-based application | Fig. | Basic equations that describe the | THD for Vi (P-P) =1V and
operation of the application f=100KHz
1 | Voltage to Current Converter 6 1 M-V 0.439%
° R
2 | MOS-Grounded Resistor 7(a) T S 0.598 %
I 2K(Vg-Vy)
3 | MOS-Floating Resistor 8 rR=MM-V) (N-V,) 1 0.598 %
L i 2K(Vg - Vp)
4 [ MOS- Multiplier/Divider Cell | 9(a) v = EilVa1-Va) 0.604 % (for the multiplier)
® Ko(Va3—Voa)
Lossless Differential Integrator - M-V))
5 10(2) SCR, L
i i URC
Lossy Differential Integrator - € v-vp
S+1/R,C
Vip _ S* Iy S/R,
vV, D(s) vV,  D(s)
Ver _-S/RC; lgp _-S/RR,C
vV,  D(s) vV, DG
6 | MOS-C Continuous-Time | 11(a) Ve _IRRGGCy
. Vi D(s)
Filter
D(s)=S%+— S+
R1Cy RICIRyCy
o, = 1 _RG
VYRR, C,C, VR,C,
Condition of oscillation : Bl+&=1
7 | MOS-C Current Oscillator 12(a) R R G _
for —%= G S Qg ST
Rl 2 RlCl
8 | MOS-C Floating Inductor 13 L= C o
4K;K; (Vo1 — V)(Vgz - V1)

1 been discussed, and are summarized in Table Ill. It is interesting to
VI'.i.l_— note that in all applications, tuning can be achieved via control voltage
V2 . as discussed in the grounded and floating resistors, multiplier/divider

— cell, continuous-time filter, current oscillator, floating inductor, and

lo - also the voltage-to-current converter if a voltage-controlled grounded

* resistor is used. PSPICE simulation results for all applications are
given to confirm the analytical results.
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