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Low-Voltage Digitally Controlled Fully Differential
Current Conveyor

Soliman A. Mahmoud, Mohammed A. Hashiesh, and Ahmed M. Soliman

Abstract—Design and simulation of a digitally controlled
CMOS fully differential current conveyor (DCFDCC) is pre-
sented. A novel current division network (CDN) is used to provide
the digital control of the current gain between terminals X and
Z of this DCFDCC. The proposed DCFDCC operates under low
supply voltage of £1.5 V. The realization of the DCFDCC using
the new CDN is presented by two approaches. First approach has
linearly proportional current gain with the digitally controlled
parameter of the CDN, while the second approach exhibits current
gain between terminalsX and Z greater than, or equal to, one.
Applications of the DCFDCC in realizing second order universal
active filter and variable gain amplifier are given. PSPICE sim-
ulation confirms the performance of the proposed blocks and its
applications.

Index Terms—Current conveyor (CC), current division network
(CDN), current gain, fully differential buffer.

1. INTRODUCTION

ROGRAMMABLE characteristic of an analog cell is a key
feature that is used in so many useful applications. Analog

or digital tuning can be employed to control the parameters of
the analog cell. However, in low-voltage applications, there is a
limitation on the allowable range of the analog tuning voltage.
Hence, in these applications, the digital control is more attrac-
tive [1], [2]. Another example utilizing digital control is the
interface with the digital signal processing unit (DSP) in the
modern digital systems. For example, in modern wireless sys-
tems, all of the baseband signal processing is implemented digi-
tally by DSP unit. There are baseband analog blocks required in
the integrated wireless receiver such as highly linear filter sec-
tion for out-of band blockers attenuation, tunable filter section
for channel selection, and variable gain amplifier (VGA) for pro-
viding programmable gain setting and a primary requirement of
those baseband analog blocks are to be digitally controlled [3].
Recently, the analog circuit design using current-mode ap-
proach has gained considerable attention. This stems from its in-
herent advantages of wide bandwidth, high slow rate, low power
consumption, and simple circuitry [4], [5]. The second genera-
tion current conveyor (CCII) proposed by Sedra and Smith [6]
is one of the most versatile current-mode building blocks. Since
its introduction, it has been used in wide range of applications
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and several circuit realizations have been proposed for its im-
plementation (e.g., [7]-[15]). The CCII is a single ended de-
vice, however, fully differential circuit configuration recently
have been widely used in high frequency analog signal applica-
tions [5]. As compared to their single-ended counterparts, they
have higher rejection capabilities to clock-feed-through, charge
rejection errors and power supply noises, larger output dynamic
range, higher design flexibility, and reduced harmonic distortion
[16].

In this paper, a digitally controlled fully differential second
generation current conveyor (DCFDCC) is presented, the
DCFDCC is based on using fully differential buffer [5] with
its output current sensed and copied to the current ports with
a current gain where this current gain is digitally controlled.
Precise gain control is achieved using a novel current division
technique as will be discussed on the following section. Re-
alization of the DCFDCC is presented using two approaches.
The first approach is the direct realization, which has linearly
proportional current gain with the digitally controlled param-
eter. Application of this approach is realizing digitally tuned
universal filter with the advantage of linearly proportional
tuned frequency to the digitally controlled parameter. In the
second approach, the realization of the DCFDCC has current
gain greater than, or equal to, one based on feedback technique.
Application of this approach is realizing VGA with only one
DCFDCC and the gain-tuning is achieved without any change
of the external passive elements. Realization of the DCFDCC
will be given in Section III then its applications will be given
in Section IV.

II. PROPOSED CURRENT DIVISION NETWORK

The block diagram of the proposed current division network
(CDN) is shown in Fig. 1(a). It consists of n current division
cells (CDCs). According to the current division principle, each
CDC of this network has three output currents. The output
currents of the current division cell number ¢ (CDC;) are
Io1i, Io2i, and In3; whose relations to the input current of this
cell (Ii;) are expressed as follows:

I;
o = @i (1
1i;
Ioz = @‘7 ()
Ii;
IO3i = 7 (3)

where a; is the digital control bit of this cell. As shown from
Fig. 1(a), Ips; of the CDC; is used as the input current of the
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Fig. 1. (a) Block diagram of the proposed CDN. (b) Symbol of the proposed CDN.
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Fig. 2. (a) Circuit realization of the proposed nMOS current division cell. (b) Circuit realization of the proposed pMOS current division cell.
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Fig. 3. (a) Symbol of the single-ended CCII. (b) Symbol of the first realization of the DCFDCC. (¢) CMOS circuit of the first realization of the DCFDCC.

next stage I7;_1 and Ip3¢ is added to Ip;. Therefore, the two
output currents of the CDN are given by

TABLE 1

ASPECT RATIOS OF TRANSISTORS CONSTRUCTING DCFDCC

i=n—1 i=n—1
. Circuit Transistor Aspect Ratio [pm/pm]
Io1 =1 Ioi=— |1 2%a; | Ii (4
o1 030 + Z Ol on + Z v ) Mii, Mai, 80/1
i=0 1=0
i=n—1 i=n—1 Ms;. 12072
1 i )
Ios = Z T2 = o 2a; | Ii (5)  Proposed CDN of Mai, Msi. 24072
i—0 im Fig. 2 Miit, Mai, 120/1
Ios 1 i=n— . Msi. 24072
- I T o 1+ Z Z'a; (6) Mic1, Msi. 80/2
=0 M1, My, M3, M. 30/1
Hence, the current gain («) of the proposed CDN is digitally Ms, M. 10072
controlled where « is less than, or equal to, one. The symbol of  pcppec of Fig. M. Ms. 802
the CDN is §hown in Fig. 1(b).. . 30 Mo, Mio. Mys. Myc. 20
The tradltlon.all 'approach to 1mple'met.1t the CDN is to use the Miz, M4, Mis, Mao, Maa. 15072
well-known resistive R-2R ladder circuit. For proper operation, Mo Mo Moo Moo M 2002
all the resistance in the ladder must be matched. This may be LT
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Fig. 4. DC response of the Z-terminals current of the first realization of the DCFDCC. « is scanned from 0.125 to 1 with 0.125 step.
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Fig. 5.

very difficult to achieve in practice especially when number of
bits increases. Also, the output nodes (/o1 and /s) of this CDN
should be at virtual ground voltages. This prevents the use of
this circuit in the applications where the input resistance of the
stage next to the CDN is finite. Furthermore, there is trade off
between the input and output resistances by choosing the value
of R.

A better approach to implement the CDN is to use of MOS
ladder circuit [17]. The structure of this circuit is similar to the
classical resistor based R-2R ladder. In this approach, the cur-
rent division function is inherently linear, independent of the
input current, and independent of the operation region of the
MOS transistors constructing the ladder circuit. However, MOS
ladder circuit still suffers from the drawbacks of the resistive
ladder stated above such as the need of matching all the transis-
tors in the circuit, and the requirement of virtual ground voltages
at the output nodes (Ip1 and Ip2).

Both CDNs given in [1] and [2] have high output resistance
since the output currents are drown from the drain of the transis-
tors. Hence, no need for virtual ground nodes. Besides, only the

AC response of the Z-terminals current of the first realization of the DCFDCC. « is scanned from 0.125 to 1 with 0.125 step.

transistors inside each CDC are required to be matched rather
than matching all the transistors in the entire CDN. Hence, the
matching-requirements are relaxed. Since the transistors are as-
sumed to operate in the saturation region, higher current drive
capability is expected than in the case of the MOS ladder for
the same aspect ratios of transistors. Moreover, the CDN given
in [1] has advantages over its counterpart in [2] where there is
no limitation on the number of the control bits due to voltage
supply, and no need to external biasing voltages. However, both
[1] and [2] circuits suffer from the drawback of operating in only
single direction of the input current.

The proposed CDN is based on alternatively using nMOS-
CDC followed by pMOS-CDC shown in Fig. 2. This will give
the CDN the advantage of unlimited number of bits due to the
supply voltage limitation where the voltage levels are regener-
ated from one cell to another. The proposed CDN also has ad-
vantages based on the structure of the CDC itself such as low
input impedance, and high output impedance. Hence, no need
for virtual ground nodes. Also, the matching-requirements are
relaxed since only the transistors inside each CDC are required
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Fig. 6. DC response of the X -terminals voltage of the first realization of the DCFDCC. « is scanned from 0.125 to 1 with 0.125 step.
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to be matched rather than matching all the transistors in the en-
tire CDN. Moreover, the proposed CDN has the ability of driven
by bidirectional input current.

The proposed nMOS-CDC is shown in Fig. 2(a). M7; and
Ms>; are matched and assumed to be operated in saturation re-
gion. My; and Mj; are matched and operate as current sources
with drain current equal to ;. Also, M3s; operates as current
source with drain current equal to 2/31. Using the drain current
equation of MOS transistor in saturation region, the input cur-
rent of the CDC,([4;) is divided equally between the matched
transistors M1; and Ms; as shown in (7)

Ii;

Inii = Ingos = Ipy — TR @)

Hence, a current equals 4;/2 is transferred to Ip3; as stated
in (3). Only one transistor of Mg; or M7; is on at a time due

(a) CMOS realization of the second realization of the DCFDCC. (b) Symbol of the second realization of the DCFDCC.

the value the digital control bit a;. Hence, the current of I3;/2
is either switched to Ip1; or Ipg; as given in (1) and (2). The
operation of the pMOS-CDC shown in Fig. 2(b) is typically as
its nMOS counterpart.

III. REALIZATIONS OF DCFDCC

Basically, a CCII is a three-terminal device [as shown in
Fig. 3(a)] derived by interconnecting a voltage and current
follower. An ideal CCII exhibits infinite resistance at terminals
Y and Z, and zero resistance at terminal X. The voltage at
terminal X follows that at terminal Y, and the current at ter-
minal Z is a replica of the current at terminal X . Positive and
negative CCllIs are defined according to the follow direction of
the Z-terminal current. Of course, a CCII— can be derived from
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Fig. 9. DC response of the Z1-terminals differential voltage of the second realization of the DCFDCC at gain setting 1, 2, 4, 8, and 16 (o« = 1,1/2,1/4,1/8,

and 1/16 respectively).
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Fig. 10. AC response of the Z1-terminals differential voltage of the second realization of the DCFDCC (o = 1).

a CCII+ by simply using current mirrors to invert the output
current direction, and vice versa [15]. The fully differential
second generation current conveyor is a six-terminal device and
had the notation DCFDCC for simplicity. In the following sub-
sections, first approach of the DCFDCC using direct realization
will be presented. Then, a current gain approach to operate the
CDN with current gain greater than one will be given. Finally,
second realization of the DCFDCC using current gain approach
will be presented.

A. Direct Realization of the DCFDCC

The DCFDCC, represented symbolically as in Fig. 3(b), can
be realized using Class-AB fully differential buffer (FDB) pre-
sented in [5] with its output current is sensed and copied to the
current port and followed by the proposed bidirectional CDN
as shown in Fig. 3(c). The DCFDCC is represented mathemati-
cally by the following matrix equation:

Vxa 0 0 1 Ixq
IZd = a 0 0 VZd (8)
IYd 0 0 0 VYd

-
g

| 5‘ +>—o—”——|||-

,,|I_§”_.<

Fig. 11. DCFDCC-based universal active filter.
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where Vg = (Vx4) = (Vx-), Vwa = (Vwy) = (VWw-), Lz4
(Iz+)—(Iz-),Ixa = (Ix+) = (Ix-),and (Iy4) = (Iy-)
0. The FDB consists of two matched differential pairs (M, M>)
and (M3, M), matched biasing currents sources transistors
(M7, Ms), matched active load transistors (M5, M), and two
Class-AB output stages (My—Mi2, and M;5—Mig, and the
biasing of the output stage My1—M>3). The differential input
is applied to the two high impedance terminals of the nMOS
transistors My and M3. The tail current transistors M7 and Mg
carry equal bias current I, therefore

Inny + Ing2 = Ings + Ina. ©)

By the current mirror action of transistors My and Mg
Ine = Ts. (10)
From the above equations, its follows that Ip;; = Ipz4.

Hence, the two matched differential pairs carry equal differen-
tial and common mode current values. Therefore

(Vx4) = (Vx-) = (Wq) = (V). (1

To maintain a good current drive capability with low output
impedance terminals, Class-AB output stages are used. Tran-

Frequency

sistors My1—-My2 and Mi7;—M;s form the push pull output
stage transistors. The level shift circuits formed by My—M;g
and My5—M;¢ are used to realize a controlled floating voltage
sources that controls the standby current through the output stage
transistors. The standby current is adjusted by the biasing circuit
formed of Ms1—M>3. Transistors My3—Mi4 and M79—Msg are
used to copy the current of the Class-AB output stages of the
FDB and transfer it to the proposed bidirectional CDNs. Hence,
the current gain, between X and Z-terminals, is linearly pro-
portional to the digitally controlled parameter a as given in (8).

The DCFDCC circuit in Fig. 3(c) has been simulated using
PSPICE simulation with 0.5-pum CMOS parameters. The
power-supply voltages Vpp and Vss are balanced (1.5 and
—1.5 V, respectively). n = 6 bits and the aspect ratios of the
transistors are given in Table I. /p1 and Ip2 of the proposed
CDN are adjusted to 100 and 50 pA, respectively. Also, Ip of
the FDB is set to 100 uA. The Z-terminals characteristics are
tested through Figs. 4 and 5. In Fig. 4, the differential Z-ter-
minals current of the DCFDCC is shown when the differential
Y -terminals voltage is swept from —1 to 1 V for different values
of the digitally controlled parameter o ranging from 0.125 to 1
with step of 0.125. Z-terminals are loadedby Rz, = Rz_ =1



MAHMOUD et al.: LOW-VOLTAGE FULLY DIFFERENTIAL CURRENT CONVEYOR

2061

40
/ / /\ 5205
20
/ \ » —().376
()
—_
% ZK 0,=0.250
—_ P \
_ 0 N
N
> C ]
\
-20 1= AR
-40
50KHz 80KHz 200KHz 400KHz 700KHz 2.0MHz 4.0MHz 7 .0MHz
O ¢ v DB(V(9)-V(11))
Frequency
Fig. 14. Magnitude response the differential voltage bandpass output (different fy and the same Q: Q = 20).
40
N - 04=0.25
[\e
I \ L 0.( =0.]
20 //f ﬂ_k—T
—
= / A
=2 /
= /
0 // N
/ i ~
s
-20
100KHzZ 200KHz 300KHz 400KHz 600KHz 800KHz 1.1MHz 2.0MHz
O ¢ v DB(V(9)-V(11))
Frequency
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k2 while X-terminals are loaded by Rxy = Rx_ = 10 k€.
Fig. 5 shows the ac response of the Z-terminals current for
the same « setting of Fig. 4 from which it is seen that the
bandwidth is approximately constant and equal to 64.6 MHz.
The X-terminals dc response is shown in Fig. 6 from which
it is clear that the differential X -terminals’ voltage follows
the differential Y -terminals’ voltage for different values of «
setting with maximum linearity error less than 0.1%. The time
response of the circuit has been simulated by calculating the
percentage of the total harmonic distortion (THD) at the Z-ter-
minals of the DCFDCC when the input signal at Y -terminals
had 1-MHz frequency and 1-V peak-to-peak amplitude. For
a =1, 0.5, and 0.25, the percentage of THD was found to be
less than 1%.

B. Current Gain Approach to Operate the CDN With Current
Gain Greater Than One

The basic idea of using the CDN with current gain greater
than, or equal to, one is shown in Fig. 7. It depends on injecting

%THD

06
Amplitude [V]

Fig. 16. Total harmonic distortion of the low-pass output (input frequency is
100 kHz and 1 MHz).
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the input current in the first output-node of the CDN and re-
ceiving it from the input node (i.e., exchanging the input/output
nodes). Using (6), the new current equations of the CDN in
Fig. 7 will be written as follows:

oy =L 21 — (12)
« (145 2w)
1—

Top= L= (13)

Hence, the current gain at Iy will be 1/« which is greater
than, or equal to, one. To realize this idea, an input stage
is required to represent low input impedance at the current
injection node since the output nodes of the CDN itself are
high impedance nodes. Also, an output stage is required to sink
(or source) the required current as (12) indicates. Considering
Fig. 7, it is worth note that an attractive output current is
available at node Ipo where the current gain ((1 — «)/«) can
be used for either attenuation (at o > 0.5) or amplification (at
a < 0.5).

C. Realization of the DCFDCC Using Current Gain Approach

Based on the current gain approach discussed above,
DCFDCC of Section III-A can be rearranged as shown in Fig. 8
to exhibit digitally controlled current gain between X- and
Z-terminals greater than, or equal to, one. Considering the left
half of the circuit of Fig. 8(a), transistors M7, My, M5, and M~
represent the input stage of Fig. 7. The required output stage is
formed by transistors M75—M;g and Ma;—M>s3 which represent
Class-AB push—pull output stage as previously discussed in
Section III-A. Transistors M9 and Msq sense the current of the
output stage and transfer it to the output node Z1—. Therefore,
the complete circuit of the DCFDCC has two fully-differential

Time response of the low-pass output when the input signal has 1-V peak-to-peak magnitude and 100-kHz frequency.

+ —

Vya

Fig. 18. DCFDCC-based VGA.

Z-terminals and the matrix equation representing its operation
is as follows:

Vxad 0 001 Ixaq
Iz14 () 000 Vzid 14
I724 ((1;—0‘)) 00 0 Vz2a (19
Iyq 0 00 0 Vya

The CMOS circuit in Fig. 8(a) has been simulated using
PSPICE simulation with the same aspect ratios of the transistors
given in Table I. The Y-Z1 transfer characteristics are shown in
Figs. 9 and 10. In Fig. 9, the differential Z1-terminals voltage
is shown versus the differential Y input for gain setting of
1,2,4,8,and 16(a = 1,1/2,1/4,1/8, and 1/16, respectively)
when all X- and Z-terminals are loaded by equal resistance
R = 10 k€. Fig. 10 shows the ac response of the Z1-terminals
voltage of the DCFDCC at o = 1.

Asinthe case of the directrealization of the DCFDCC, the time
response of the DCFDCC circuit using current gain approach has
been simulated by calculating the percentage of the THD at the
Z1-terminals when the input signal at Y -terminals had 1-MHz
frequency and 1-V peak-to-peak amplitude. For « = 1, the
percentage of THD was found to be less than 0.5%. Because the
output voltage of Z1-terminals is inversely proportional to v, Z'1
voltage level may be distorted when « is decreased (maintaining
the same input voltage amplitude). Therefore, the %THD is
increased as « decreased for the same input voltage amplitude.
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IV. APPLICATIONS Using the following set of design equations:
Application .of the.ﬁ.rst app.roach of the DCFDCC, given i.n Ri=Ri=Ry=Rs=R
Section III-A, is realizing digitally tuned universal filter. This
. . Ci=0,=C
filter has the advantage of linearly proportional tuned frequency
to the digitally controlled parameter «. The filter circuit, anal- ap =as =1
ysis, and simulation are presented in the following subsection. oy = a3 = ay,
Then, application of the second approach of the DCDCC, ay = ag. (18)
given in Section III-C, to realize VGA is presented.
The wg and Qof the filter will be given by
A. Digitally Programmable Universal Active Filter I R
[(675) 4
The single-ended universal-filter presented in [18] can be im- wo = CR Q= @ R (19)

plemented using DCFDCC in fully differential configuration
as shown in Fig. 11. This filter employs five DCFDCC and
all-grounded passive elements. This configuration provides sev-
eral advantages. It has infinite input impedance. All elements are
grounded. It realizes high-pass, bandpass, and low-pass differ-
ential voltage responses. Also, wy and ) of the filter can be ad-
justed independently. By direct analysis, the following transfer
functions are obtained:

v _ (%
Vi D(s)
ajas R
Vo (CllRfRi)S
Vi D(s)
ajasaszR
V3 _ (0161'21%1}332}3,) (15)
v, D)
R ajosazas R
D ) 1020y 1020305 ' 16
() N TR Y
Hence, the wg and @ of the filter are given by
0110@0(30(5.3
wo =4\ 5
0102R1R2R3
R 5C1R
Q=" a7)
(6%} alaZOQRRQRg

As seen from (19), the wy and @Q of the filter can be inde-
pendently programmed digitally using v, and o, respectively
without distorting each others.

The circuit of Fig. 11 has been simulated using PSPICE sim-
ulation with C' = 16 pF, and R4 = 0.707TR = 5 k2 to obtain
a maximally flat low-pass (high-pass) response for a dc gain
of 1 and with digitally tunable f,. The frequency response of
the low-pass and the high-pass outputs are shown in Figs. 12
and 13, respectively, for different values of the digitally con-
trolled parameter «,,. Fig. 14 shows the simulated bandpass re-
sponse of the same circuit for different values of the digitally
controlled parameter «,, while Q is constant at approximately
20. Fig. 15 shows simulation of varying Q using different values
of aq while f, is constant at 450 kHz. Finally, the time response
of the low-pass output of the filter is simulated through Figs. 16
and 17 when «,, = 1. In Fig. 16, the total harmonic distortion
is plotted versus the input signal amplitude (the input frequency
is equal to 100 kHz and 1 MHz). It is clear that the filter can
handle magnitude of the input signal up to 1-V peak-to-peak
with percentage of THD less than 2%. The time response of the
low-pass output is shown in Fig. 17 when the input signal has
1-V peak-to-peak amplitude and 100-kHz frequency.

B. Digitally Programmable VGA

The circuit of the VGA is shown in Fig. 18. The VGA em-
ploys only one DCFDCC and all-equal resistors. Using direct
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analysis and (14), the two output voltages of the VGA, V14,
and V94, are given by the following equation:

1
Vzia = EVY(Z (20)

l—«

Vzoa = Vyq. (21

Therefore, the gain at terminals Z1 is greater than, or equal to,
one while the gain at terminals Z2 may be greater than one (a <
0.5) or less than one (o > 0.5). The gain-tuning is achieved
without any change of the external passive elements.

Fig. 19 shows the simulation of the VGA with decibel-linear
gain setting from O to 24 dB in 6-dB steps.

V. CONCLUSION

In this paper, a DCFDCC has been presented. A novel CDN
has been proposed to provide a current gain between terminals
X and Z of the DCFDCC. The proposed CDN has been used
with a fully differential buffer in two configurations. First con-
figuration provides linearly proportional current gain with the
digitally controlled parameter of the CDN. The second config-
uration provides a digitally controlled current gain between ter-
minals X and Z greater than, or equal to, one. Applications of
the DCFDCC in realizing second order universal active filter
and variable gain amplifier VGA have been given. The proposed
blocks and its applications have been confirmed using PSPICE
simulation.
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