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ABSTRACT

A novel ultra-high compliance, low power, very accurate and high output impedance current output stage
(COS) with extremely high output current drive capability is proposed in this paper. The principle of
operation of this unique structure is discussed, its most important formulas are derived and its outstanding
performance is verified by HSPICE simulation in TSMC 0.18pm CMOS, BSIM3, and Level49 technology.

This deliberately composed structure utilizes a well combination (for a mutual auto control action) of
negative and positive feedbacks to achieve ever demanded merits such as very low power of 150uW, ultra
high ratio of 3000 for output current over the bias current (which is selected to be 0.5uA) at low THD of -
20dB and very high output impedance of 5GQ with power supplies of +0.5V when operating at class AB
mode. Simulation results with £0.5V power supply shows an absolute output voltage dynamic range of 0.9V
which interestingly provides the highest yet reported output voltage compliance for Current mode building
blocks implemented by regular CMOS technology. Full process, voltage, and temperature variation (PVT)
analysis of the circuit is also investigated in order to approve the well robustness of the structure. The
transient stepwise response is also done to verify the proposed COS stability.
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as a result numerous novel high performance analog,
1. INTRODUCTION digital and also mixed-mode circuits and systems are
presented [1]-[15]. The ever-growing interest in
synthesizing the current-mode circuits is mainly due to
their more potential advantages such as lower voltage and
power consumption, wider dynamic range, inherent wider
bandwidth, higher speed, simpler circuitry, smaller
nonlinearity and also less complexity which are among
the most demanded features of high performance circuits
and systems that the designers are always in deal with
[1]-[17]. Many active elements capable of operating in
current-mode such as output trans-conductance amplifier
(OTA), current conveyor, current differencing buffered
amplifier (CDBA) and Current-mode operational

Recently low voltage circuit design has been strongly
in demand and there has been very much efforts to reduce
the power supply of electronic circuits. This is much
more enforced by technology down scaling and also
encouraged by the fact that the battery-powered and
portable equipments are becoming more and more
interesting and their versatility is increased expeditiously.
The low voltage requirement caused current-mode design
approach to have a growing interest and introduce
promising results for today’s high performance circuits
and modern systems. Hence, current-mode techniques
have been extensively investigated in recent decades and
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amplifier (COA) have been introduced to response these
demands [13]. Current-mode operational amplifier
(COA) is one of the useful current-mode integrated
building blocks. Current amplifiers are particularly
suitable for use with temperature sensors, photo-sensors,
and, in general, whenever the input source and or the
output are current signals [18].

The main advantage of using COA is its ability to
replace with the voltage-mode operational amplifier
(VOA) to achieve more qualitative designs while
preserving the most aforementioned benefits of the
current-mode building blocks [15]. Current output stage
(COS) is considered as one of the main blocks of COA
and hence its overall performance is directly affect the
COA’s qualitative performance. The COS block is not
only used in COAs but it is also considered as the main
part of other analog circuits either in voltage-mode or in
current-mode such as operational trans-conductance
amplifier (OTA) and voltage to current convertors which
are amongst the most versatile analog signal processing
systems [3], [11], [12], [18]-[23]. Hence elaborate design
and implementation of the COS block is necessary in
order to maintain the overall high performance of the
system in which it is included. Among the most
distinguished features of the COS block are its capability
to handle higher output currents with minimum total
harmonic distortion (THD) while consuming lower
quiescent power, high output impedance and high output
voltage headroom.

Conventional types of COS are used in class ‘A’ mode
of operation in order to minimize the THD [18]-[25]. The
major drawbacks related to this mode of operation are
lower current handling capability which is mainly limited
by its bias current and higher power consumption. The
alternative approach which can diminish the mentioned
disadvantages related to class ‘A’ scheme is class ‘AB’
mode of operation [26]-[27]. The proposed circuits in
[26]-[27] provide relatively high output impedance but
their power supply and power consumption are high
which makes them not suitable for today’s modern low
voltage and also portable applications. On the other hand,
they have relatively poor ratio of handled current versus
circuit bias current which is degraded much more when
the allowable power supply is to be further decreased.

This paper presents a novel ultra-high performance
COS that outperforms the previously reported artworks
which indebted its high performance to a recently
proposed current mirror in which deliberate use of both
negative and positive feedback principal enables it to
gather some more ever demanded merits of the current
mirrors including high output impedance, extremely wide
voltage and current dynamic range with very low current
transfer error (high linearity), low power supply
operation capability and relatively high frequency band
width [28]. The proposed circuit is also capable to be

used as current amplifier by itself. The proposed circuit’s
output voltage compliance is the highest yet reported for
circuits implemented with regular CMOS technology,
while exhibiting low input and extremely high output
impedance. The proposed circuit also exhibits a very
wide current as well as voltage dynamic range while
maintaining a very high accuracy.

Section 2 part A describes the implemented current
mirror and the operation of the proposed COS is covered
in part B of section 2 and part C is devoted to circuit
analysis and formulations. The HSPICE simulation
results using TSMC 0.18um, BSIM3, Level49, CMOS
technology are presented in section 3. Finally, section 4
concludes the paper.

2. PROPOSED HIGH PERFORMANCE CURRENT OUTPUT
STAGE

A. Current Mirror Principle of Operation

Figure 1 shows a very high performance current
mirror proposed recently in [28]. The implemented
current mirror consists of a high swing cascode current
mirror (M;;-Myg, with M4 transistor connected as diode),
M,s as output transistor and an amplifier with gain
amplitude of “~-An”. The high swing cascode is biased
with Iy, =lpo=Ipnn currents and its input impedance is
reduced using an FVF block at input node and is driven
by the input current signal of I;,. Both cascode transistors
M,; and M, experience the same bias current, hence
Vsn1 18 set equal to Vg, prohibiting the channel length
modulation effect and thus a very high accurate result is
attained. M,4, the diode connected cascode transistor,
makes the circuit needless of a separate biasing voltage
source. This transistor, on the other hand, provides the
input and output nodes with an extra positive feedback
loop which increases the performance of the block
without using extra circuitry. This structure includes two
nested feedback loops in the input side. One of them is a
negative shunt feedback implemented with an FVF while
another one is a positive series type consists of transistors
M;1-M,4. Both loops act simultaneously and are specially
devised to reduce the minimum input voltage, Viy min, and
the input impedance. Similarly, the output side includes
two feedback loops, one of them is a negative series one
implemented by transistors M,4-M,s and amplifier of ‘-
An’ and the next one is a positive shunt feedback consists
of transistors M;;-M,4. These two loops act
simultaneously and are specially arranged to reduce the
minimum output voltage, Voumin, and increase the output
impedance.

A very simple construction for ‘-An’ gain amplifier
suitable for the proposed current mirror can be
implemented by only two transistors (configuring a self
cascode scheme) and a bias current of Iy, as is shown in
Fig. 1.

In conventional method, a negative series feedback is
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used to increase the output impedance. This reduces the
output compliance by at least 1V In other words, the
feedback acts while the output voltage is greater than
2V By further decreasing the output voltage the
feedback gain falls rapidly, causing the output impedance
to be decreased rapidly due to the transistors entering the
triode region.

Based on conventional definitions, MOS transistor
linear region occurs when its output voltage becomes
lower than 1Vpg=Vas-Vaser (€. Vps< Vas-Vasorr )
which leads to sharp reduction of output current versus
voltage reduction. In other words, for a transistor with
constant Vg voltage, the channel length modulation
causes significant reduction in transistor output
resistance. This means that Ipg becomes very sensitive to
variation of Vpg in this region.

According to 1 = 4 (Vgs -VrH )? (1+vps ) , the transistor

current, Ipg, can be varied by both Vgg and Vps. When
transistor output voltage approaches negative supply,
then Vpg will decrease causing reduction in transistor
current (Ipg), of course if Vgg remains constant. Now
consider the case that Vgg can be increased to a value
which despite of Vpg decrement, maintains the same Ipg.
Such a case if is arranged then makes the transistor
current (Ips) well robust against the output voltage
variations. This is exactly what has arranged by the novel
structure of the proposed current mirror, Fig. 1, thanks to
deliberately composed elements and well combined auto
controlled negative and positive feedback in the proposed
circuit which made it unique in realizing ultra-high
compliances, high output impedance and high accuracy.
This is, in fact, a great achievement granted by special
feedback arrangement and results a very wide dynamic
range which makes the circuit very well suited to be
implemented as COS. More detailed information about
the current mirror’s operation can be found in [28].

k4
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—
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Figure 1: Transistor level schematic of the ultra-high
performance current mirror.

B. Proposed COS Principle of Operation

Typical architecture for a COS is shown in Fig.2
which consists of a push-pull follower followed by a
complementary current mirror. The COS is made up of a
complementary current mirror thus the performance of
COS is directly affected by the performance of the
implemented current mirror. Current amplifiers always
consist of a feedback loop to linearize the transfer
function [18].

The complementary current mirror of COS is the main
source of nonlinearity when implemented in current
amplifier, since it is outside the loop, while the push-pull
follower is greatly linearized since it operates inside the
loop. The COS’s nonlinearity is due mainly to channel
modulation effects rather than threshold and geometrical
mismatches [18]. High COS performance cannot be
achieved using simple current mirrors since they are
heavily affected by channel length modulation, which
means high nonlinearity and low output resistance.
Although some high performance current mirrors such as
cascode, regulated cascade, and low voltage regulated
cascode current mirrors can be used instead of simple one
to improve the qualitative performance of the current
amplifier’s output stage, they still could not provide the
most optimized trade-offs required due to their
drawbacks in terms of input and output swing, low output
impedance and input/output voltage head rooms, low
output current dynamic range that makes them
impractical for high current applications, and high power
supply which makes them not suitable for low voltage
applications. On the other hand, the maximum output
current is limited by the quiescent bias current which is a
major issue when the low voltage applications are
demanded.

Figure 2: Typical architecture for a current amplifier.
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Figure 3: The conceptual schematic of a class ‘AB’ COS.

Figure 3 shows the conceptual schematic of a class
‘AB’ COS implemented with the very high performance
current mirror described in previous part. The proposed
current output stage outperforms the previously reported
ones and is a promising solution for very high
performance applications as well as very low voltage
high dynamic range circuits and systems.

Mp5
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Figure 4: The transistor level schematic of a class ‘AB’ COS.

The proposed COS, which its transistor level
schematic is shown in Fig. 4, consists of push-pull
follower (Min1-Min2, Mip1-Mjp,, Ibn and Ibp), followed by
the extremely high performance complementary current
mirror.

The implemented current mirror which is described in
previous part for N-type along with the same half for P-
type one, makes the class AB operation of the current
amplifier possible.
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Figure 5: Half small signal equivalent circuit.

C. Circuit Analysis

The Half small signal equivalent circuit of the Fig. 4 is
shown in Fig. 5. Analytical formulations to extract
parameters of the proposed circuit are performed in the
following subsections based on half small signal
equivalent circuit of Fig. 5 assuming that the source of
each transistor is connected to its body. The simulations
are also performed based on this assumption.

Output impedance analysis

In the following analysis, gn, 1, and g4 stand for the
trans-conductance, the output resistance and the output
conductance of the transistors, respectively. The
transistors’ numbers are indicated as subscripts of these
parameters.

Performing some analysis and doing necessary
simplifications  [28], output impedance is then
approximated as (1):

gm,nsxro,nsx(A”“)X(rob,nzHro,nz)
Rout,n=
| gm,nzxgm,n3X(rob,nzHro,nz) (1
9m,n1

where ‘An’ is given by (2):

9m,AnC Il

Anz=gm_ Anx ’ fo,bAn

9ds, An*9dds, AnC t9ds,bAn>*Im, AnC I
2

Performing the same analysis for P-type half of the
proposed structure gives Ry, as:

_9m,p5To, ps( Ap+1)x( Tob, szro, p2)

Rout,p=
' gm,pzxgm,pZX(rob,szro,pz) 3)
9m, p1
where ‘Ap’ is given by (4):
9Im,ApC
Ap=gpy, Ap* - lobap | (4)

9ds, Ap*9ds, ApC +9ds,bAp*9m,ApC
The total output impedance of the proposed circuit is
given by (5):

Rout =Rout,n ‘Rout, p (5)
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From (1) and (3) it is derived that the output resistance
is capable to have negative or positive values. Also,
assuming ideal circumstances for the fabrication process
an infinite resistance seems to be achievable by adjusting
the transistors’ aspect ratios. In most applications,
negative resistance is undesired thus to avoid this
condition the relation (6) should be satisfied.

129m,n3(rob,n2Hfo,n2) and 129m,p3(rob,p2Hro,p2) (6)
In this work, (6) is satisfied by: 1) Making gu3 (€mps)
sufficiently small via choosing small W3, /L3, (W3, /L)
and Wy, /Ly (W /Lyy). 2) Biasing My, (M) and My,
(M;) in their triode region which cause 1o (rop1) and
Tom2 (Top2) to be sufficiently small. These arrangements
also help the current mirror to present high input and
output compliances.
Input impedance analysis

Performing some analysis and doing necessary

simplifications [28], input impedance is then
approximated as (7):
S _ 9m,n5%9ds,n3%9ds,n<(An+l)=gm n1xgmn3Z 1
in,n="———+ =
9m,inl Im,n1*dm,n32 xgm,n5x(An+1) 9m,inl
(7

Performing the same analysis for P-type half of the
proposed structure gives Rj,, as:
1 ‘gm,psxgds,p3><9ds,p1><(AP+1)*gm,plxgm,p32_ 1
gm, p1x9m, p32 *xIm, p5x( Ap+1)

Rj =
in.p 9m,ip1

®
The total input impedance of the proposed circuit is
given by (9):

_Qm,ipl

RinERin,nHRin, p ©)

Xx10°

o
o

OUTPUT CURRENT (A)

<
12

135 1 2! 0 05 1 15
INPUT CURRENT (4) «10°
Figure 6: Current transfer function dynamic range of the

proposed COS structure.

3. SIMULATION RESULTS

HSPICE simulations are carried out using TSMC

0.18um, BSIM3, Level49, and CMOS technology
utilizing +0.5V power supply. Bias currents of Iy, (Iyp),
Tonn (Iop1=Ip2=Ibpp) and Ipan (Inap) are taken to have values
of 0.5pnA, SpA and 2.5pA respectively. I, is taken to
have DC value of 10pA for PVT analysis. Fig.6 shows
the output current versus input current sweep. It is shown
that the current dynamic range of the proposed circuit is
extremely wide and is about in the range of +1.5mA
which is favorably 3000 times larger than bias current of
Ion (I,p). Favorably the current transfer error remains
below -20dB for currents up to +1.5mA. Figure 7 shows
the DC output characteristics with V,, swept from -0.5V
to 0.5V and [, stepped from -25 pA to 25pA in steps of
1nA. As is shown in this figure, the proposed circuit
exhibits extremely high output resistance of 5GQ along
with much higher compliance voltage which proves the
well functionality of embedded positive feedback that
makes the structure suitable for ultra-low voltage
applications. This figure also proves very high accuracy
of output current together with negligible current offset
which makes the structure very preferable for modern
ultra-high  precision applications. Another more
interesting characteristic of circuits is dynamic range
which is depicted in Fig. 7 and validates the superior
performance of proposed circuit. Favorably the output
voltage of the proposed circuit uses only 0.05V from
supply voltages to operate in high impedance region
leaving very outstanding value of 0.9V output voltage
headroom, which promises ultra-high compliances at the
output node.

The output current transient step response of the
proposed COS structure is shown in Fig. 8 to validate the
structures stability. Figure 9 shows THD (%) of the
proposed COS circuit in terms of sinusoidal input current
with frequencies swept from 100K up to 100M and signal
amplitude swept from 10 pA up to S00pA. The proposed
COS is capable of operating as COA by itself just by
adjusting its mirror transistors aspect ratios. This
capability is verified by Fig. 10 and Fig. 11 in DC current
transfer curve and frequency domain response,
respectively. The total power consumption of the
proposed current mirror is about 150pW. Compared
results are summarized in Table.l. For simulating the
practical fabrication condition, the Monte Carlo analysis
is performed applying 5% mismatch in transistors aspect
ratios and threshold voltage with Gaussian distribution.
The Monte Carlo simulation results are shown in Fig. 12.
In order to further investigate the performance of the
proposed circuit against PVT wvariations, it is also
simulated for various temperatures (-25, 0, 25, 50 and 75
centigrade degree) and +10% variations of supply
voltages. The results are depicted in Figures 13 and 14.
These figures show that the fabrication process does not
have significant effect on proposed circuit’s performance
which is another excellent achievement of the circuit.
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Figure 7: Output voltage of the proposed COS structure in
terms of output current with input current swept from -25pA up

to 25pA in 1pA steps.
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Figure 8: The transient step response of the proposed COS
structure.
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Figure 9: Total harmonic distortion of the proposed COS
structure in terms of sinusoidal input current.
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Figure 10: Current transfer function of the proposed COS
structure for various gains.
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Figure 11: Frequency response of the proposed COS structure
for various gains.

4., CONCLUSION

A novel ultra-high compliance, low power, very
accurate and high output impedance COS with extremely
high output current drive capability is proposed. The
principle of operation of this unique structure is
discussed, its most important formulas are derived and its
outstanding performance is verified by HSPICE
simulation in TSMC 0.18um CMOS, BSIM3, and
Level49 technology.

The circuit interestingly achieves ever demanded
merits such as very low power of 150uW, ultra high ratio
of 3000 for output current over the bias current (which is
selected to be 0.5pA) at low THD of -20dB and very
high output impedance of 5GQ with power supplies of
+0.5V when operating at class AB mode. Simulation
results with 0.5V power supply shows an output voltage
dynamic range of 0.9V which interestingly provide the
highest yet reported voltage compliance for Current mode
building blocks implemented by regular CMOS
technology. Full PVT variation analysis of the structure
is also investigated in order to approve the well
robustness of this stage. The transient stepwise response
is also done to verify the proposed COS stability.
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TABLE 1

COMPARATIVE PARAMETERS OF THE PROPOSED COS WITH OTHER

J RECENT WORKS.
< REFERENCE ][:212]20 241 | 1251 26 | 27 \TVP(')‘;K
(a) § o :fwir 4v Sv v +2v 2.5v +0.5v
5 pply
! Power | 200 NA 560 s7uw | 222 | 150uw
uw uw uw
El Current 100 100
capability SORA | 35 uA WA NA +1.5mA
B vamer® . -3dB NA 20Mhz | NA 17Mhz | 28 ~100Mhz
y ‘ requency Mhz
Ouput ghrn [ NA | NA 2560 | 56Q | s6a
impedance
THD NA NA -36dB | -50dB | NA -20dB @
1.5mA
1
; T?g;‘/}‘(’)lgfy 0.35um | 0.8um | 0.13um | 0.8um | 0.8um | 0.18um
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