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Abstract

The aim of this research programme was to design and develop a novel CMOS
current conveyor, to improve areas such as bandwidth, slew rate, gain, and Powe-
Supply Reject Ratio (PSRR). The current conveyor can be used i low frequency
applications such as LED drivers for mobile phones and televisions, and high
frequency applications such as mixers for up/down converters used in anything from

radios to mobile phones.

The 1nitial part of the research looked into improving the Power Supply Rejection
Ration (PSRR) of the current follower (mirror) by increasing its output impedance.
Several types of current mirror were compared using analytical and simulation
methods, using a new generic low frequency transistor model which was used to
highlight the difterences in impedance between BJT and CMOS current mirrors. It
was found that the best type of mirror was the regulated cascode current mirror which

offered the largest value of output impedance when built from CMOS transistors.

Work then moved onto the voltage tollower. By 1nitially using a typical CMOS source
follower, it was found that the voltage gamn suffered from low values
transconductance, drain/source resistance, and a larger than expected value of source
resistance, which was extracted from simulation and was found to be around 300-
350Q2. The best design was a two stage un-buffered amplifier which offered the best
Power Supply Rejection (PSRR) voltage gain and bandwidth.

Several different types of current conveyor (CCII+) were simulated and the results
were compared. It was found that the best types ot current conveyor were the cascode
type conveyors which offered a voltage gain error of less than 1%. The regulated

cascode type current conveyor oftered the highest figure of PSRR that of around
60dB.

Finally the new cascode type current conveyors were used to build examples of
current feedback operational amplifiers (CFOAs), and the cascode type CCII+ offered
a voltage gain error of less than 1%, largest bandwidth and best PSRR.

(1)



Acknowledgements

I would like to thank my supervisor Prof. John Lidgey and Dr. Khaled Hayatleh for
their guidance and support, and Maxim Integrated Products (UK) Ltd for sponsoring
me to finish this thesis. Finally special thanks are due to my wife and my friends for

therr long lasting support throughout this research project.

(11)



Original work

There have been several areas of original work in this thesis, a summary 1s shown

below:

if)

111)

1V)

Chapter Two analyses the difference in using a CMOS device and BJT
devices for several examples of current mirror. Showing weaknesses in
some popular current mirror architectures such as the Wilson current
mirror.

Chapter Two includes the development and generation of a new generic
small signal model that can be used for both CMOS and BJT devices,
this was used 1n the analysis of the current mirrors.

Chapter Three highlights the affects of the source resistance on the
overall gain of the source follower, and shows the increased affects of
source resistance on shrinking process technology. It also shows how the
source resistance can be extracted from simulation, and highlights
problems with current process design kits that do not include this in their
current simulation models. A paper has been submitted for technical
publication through Maxim in Chip Design (www.chipdesignmag.com).
Chapter Four presents the new current conveyor using an un-buffered
voltage follower with several types of current mirrors (followers), which
offers the Power Supply Rejection Ratio (PSRR) of an Operational
Transconductance Amplifier (OTA) type current conveyor, without the
limitations ot the bandwidth. A second paper has been submitted for
technical publication again through Maxim.

Chapter Five gives examples of how the new current conveyor can be

used to build a new type of current feedback operational amplifier.
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List of principal symbols and achronyms

Bipolar transistor DC current gain.

Current conveyor (type I).

Current conveyor (type 1I).

Current feedback op-amp.
Transconductance.

Conductance.

Forward saturation current.

CMOS transistor channel modulation effect.
Power-supply rejection ratio.

Bipolar transistor collector emitter resistance.

Bipolar transistor base emitter resistance.

Thermal voltage (K%) .

Early Voltage.

Transistor base-emitter voltage.

Surface Mobility of the CMOS channel.
Gate oxide capacitance for a CMOS device.
Gate Source Volatge of a CMOS device.
Threshold Volatge of a CMOS device.

CMOS transistor drain source resistance resistance.

CMOS transistor gate source resistance resistance.

Tiawamese Semiconductor Manufacturing Corporation.

Frequency transition — the frequency where where gain falls to unity.
Bipolar Junction Transistor.

Complementary Metal Oxide Silicon.

Operational Transconductance Amplifier.
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1.1  The current conveyor concept explained
The first current conveyors were proposed by Smith and Sedra in 1968 [1-1], they
have a distinct advantage over the commonly used operational amplifier which uses

voltage feedback, as they are not bandwidth limited in the same way as its voltage

feedback counterpart i.e. by the necessity of a compensation capacitor which 1s

needed for closed loop stability.

Actually a current conveyor i1s potentially limited only by the bandwidth of the

transistors used in the design, and by the architecture of the current conveyor, these

limitations will be discussed with examples later on 1n the thesis.

There are several types of current conveyor the CCI, CCII, CCII+, and CCII-. The

subtle differences are explained in this section.

Figure 1-1 below shows a black box of a CCII:

1y
1Z

CCll <%

1X

Figure 1-1 : The Black Box version ot the CCII



Using Figure 1-1 the CCI/CCII matrix is shown below:

I—iy 1 10 a O vy
vx|l={1 0 O ix
iz J 0 b 0| vz

1*, v* refer to the currents and voltages respectively at the appropriate named nodes.

From the matrix above:
‘a’ 1s the current gain from node Y to node X (1y/1x).

‘D’ 1s the current gain from node X to node Z (1z/1x).

The gain of the voltage follower part of the current conveyor 1s set to unity in this

matrix.

The characteristics of the different current conveyors are as follows:

1) If b>0 the current conveyor 1s a CC+ (for a typical current conveyor this is set to
unity).

2) If b<0 the current conveyor 1s a CC- (for a typical current conveyor this 1s set to
unity).

3) If a=1 the circuit 1s a CCI.

4) It a=0 the circuit 1s a CCII.

So for example a CCI+ current conveyor must have the following attributes:

‘b’ > 0 (most commonly close to unity), and ‘a’ 1s also unity.

And another example would be the CCII+ current conveyor must have the following
attributes:

‘b’ > 0 (again most commonly close to unity) and ‘a’ approximately zero (signifying a

high input impedance into Node Y of the current conveyor).
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As the current conveyor is also known as the i1deal transistor [1-11], 1t 1s a good 1dea
to show the relationship between the current conveyor and the 2 types of transistor

used 1n this thesis the BJT and the CMOS transistor.

11 11
Rbias I I RI Rbias I

Ic

X X

Ie Is

Rbias I I R2 Rbias I I R2
1 1 1
(A) (B)

Figure 1-2: (A) A simple BJT Amplifier; (B) A simple CMOS Amplifier.

Figure 1-2 shows two types of amplifier a BJT and a CMOS, the nodes are labelled as
a CCII would be. A CCI 1s similar except the input impedance of node Y is much
lower (equivalent to impedance of the emitter in a BJT or the impedance of the source
in a CMOS transistor). The ‘-’ and ‘+’ after CCII refers to the direction of the
Collector current (Ic) in a BJT or the Drain current (Id) in a CMOS transistor; a true
BJT/CMOS transistor would have the current going into the Collector/Drain
respectively, the current conveyor equivalent 1s known as a CCII- where the current
goes 1nto node Z [1-11], the more common CCII+ [1-8], has the current coming out of

node Z, this 1s because they are easier to implement and 1s much more useful in

applications.
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1.2 History of the current conveyor

The original current conveyor, or CCI, (which can be regarded as an 1deal transistor)

was 1nitially proposed by Smith and Sedra in 1968 [1-1],[1-2],[1-9], Figure 1-3 below
shows the 1nitial CCI realisation proposed by Smith and Sedra, using BJTs.

<K

/.
o] @

sl
R1 R2 R3

L ]

Figure 1-3: The CCI+ using BJTs

Looking at Figure 1-3, the current conveyor has 3 nodes (X,Y,Z), these mimic the
nodes of the base (Y), emitter (X), and the collector (Z) of a BJT; Or 1n the case of the
CMOS transistor the gate (Y), source (X), and the drain (Z). Simply transistors Q1
and Q2 and Q3 and Q4 form current mirror pairs and assuming the correct biasing
(1.e. R1,R2,R3 are matched), and nodes X has the appropriate load then the Voltage
on X will match Y (An emitter/source follower), Q35 1s used to mirror the current from
Q3 and Q4 to nodes Z (collector/drain). The CCI current conveyor has a voltage gain

of unity between Y and X and —A between Y and Z where ‘A’ 1s the ratio of load on Z

to that on X.

The problem with the CCI was even though 1t approaches an 1deal transistor from a
voltage point of view, 1t does not to have the high input impedance expected on the Y

node which mimicked the base of a BJT or the gate of the CMOS transistor.
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S0 1t was then replaced by a more versatile second generation device in 1970 the CCII
[1-1],]1-4]},[1-5],[]1-6]. The CCII can be described as a combination of a voltage
tollower and a current follower within the same integrated circuit. Figure 1-4 shows a

basic block diagram of what the CCII was aiming for.

+Vce

.
— (O

voltage follower (.

-V¢e

current follower

Figure 1-4 : Block Diagram of the CCII

Figure 1-4 has an 1deal voltage follower (with a unity voltage gain) between Y and X
and a current follower (with a unity current gain) between X and Z [1-3]. Y has an

infinite impedance and the voltage gain between X and Z 1s the ratio of their load

impedances.

In reality 1t 1s impossible to achieve the desired impedance levels, but if the design of
a current conveyor can get as close as possible to the 1deal attributes of the current

conveyor as described 1n the previous paragraph the better 1t will work.
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Figure 1-5 below shows a relatively simple BJT CCII+ current conveyor configured

as an amplifier.

Figure 1-5 : A BJT CCIlI+ current conveyor configured as an amplifier.

Figure 1-5 shows a class A-B BJT current conveyor configured as an amplifier with
loads R1 and R2 and this will be used to explain the operation of the current

conveyor, and illustrates how it can be used to provide amplification.

The BJT current conveyor operates in the following way, node X tracks Y as a
voltage follower (Q1,Q2 and Q7, Q8), the current through R1 is mirrored to R2
through the current mirror pairs Q3, Q4 and Q5, Q6; Q1 and Q2 are used to bias Q7

and Q8 in the active region when V = 0.



This type of current conveyor shown in Figure 1-5 does not perform well when
implemented in CMOS technology due the inherent low trans-conductance (gnm)
values, and lower equivalent Early voltages (Va) compared with that of a BJT device,
which 1n turn gives rise to a lower gain on the voltage follower stage ot the current
conveyor. The values of g, and V are getting even worse with shrinking geometries,
but as most processes these days prefer to use CMOS primarily for cost reasons, other

methods have to be looked 1nto to, to improve the output impedance ot Z, and the

voltage follower gain between nodes Y and X.

There are at present current conveyors available that use an operational trans-
conductance amplifier (OTA) as the building blocks [1-8]. The main problem with
these devices 1s they are bandwidth limited to the gain-bandwidth of the OTA being
used and hence the full bandwidth potential of the transistors making up the OTA 1s

not realised. Other CMOS current conveyors rely on accurate transistor matching to

work correctly [1-10].

The applications for the CCII are considerable [1-3], [1-4], especially with present
day requirements 1n mobile communications and high speed networking, which rely
on high gain-bandwidth devices, basically anything that needs an amplifier could
utilize a current conveyor. The CCII 1s very versatile and can be used to create a wide
range of analogue functions from a simple amplifier stage to filters, including the
much researched Current Feedback Operational Amplifier CFOA [1-7] which uses the
current conveyor within a closed loop as the main building block. Theretore
improving the design to give today’s designers a better CMOS alternative to
conventional OTA based CCII which are bandwidth restricted while offering the

usual features of amplifiers such as good Power Supply Rejection Ratio (PSRR).
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1.3 Research Aims

The aim of the research programme was to design a CCII+ current conveyor 1n
CMOS with an appropriate gain between the voltage follower nodes Y and X (as
close as possible to unity), and a high as possible output impedance on node Z, other
factors such as improving the Power Supply Reject Ratio (PSRR) were also looked at.
The research program was aimed at an existing foundry process (TSMC 0.18um), and

all sitmulation data including the CMOS transistor models were produced from this

design kat.

The thesis 1s divided into six chapters, the thesis has been structured in a way to
describe all the building blocks of the CMOS current conveyor, before putting them

together to form the full device. Applications of current conveyor are briefly
described focusing on the Current Feedback Operational Amplifier (CFOA) which

uses the current conveyor as 1ts major build block.

Chapter Two deals with the current follower (bi-directional current mirror); analysis
and comparisons in current gain and output impedance was undertaken for several
different types of current mirror. The results also compared the effects of output
impedance of the current mirrors using BJT and CMOS devices. Each design has been
investigated using Matlab, and the output impedances are plotted for all current
mirrors analysed. Examples of all the current mirrors were simulated using CMOS
devices taken from the TSMC 0.18um process, and the results were evaluated, giving

pros and cons for each current mirror.

Chapter Three deals with the voltage follower part of the current conveyor, again
using the TSMC 0.18um process CMOS transistors. The chapter begins with the
source follower which 1s analysed, simulated and discussed. Improvements to the

basic source follower are presented and simulated, and then compared with the

original source follower.

Chapter Four combines the results in Chapters Two and Three to deliver several
examples of the new proposed current conveyor, comparing areas such as voltage
gain between all the nodes 1n the CCII, Power Supply Rejection Ratio (PSRR), and

overhead (power supply) 1ssues. The first circuit compared is the CMOS equivalent of
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the CCII+ shown in Figure 1-5, as this is the easiest circuit to implement and 1s more
beneticial to compare with existing BJT design. This chapter also deals with the
conversion of CCII+ to the CCII-. Although the CCII+ is a more usetul device there
are applications for the CCII-, really anything that needs a common (source/emitter)
amplifier can use a CCII-, as they tend to have a much higher value of output

impedance than just the single transistor approach, while offering a better bandwidth

solution than the basic OTA.

Chapter Five will briefly go through the some of the applications that the proposed
CMOS current conveyor can be used for, and will focus on the Current Feedback
Operational Amplifier (CFOA), concentrating on two specific examples of how
Current Feedback Operational Amplifier can be implemented, these designs are based
on the Cascode and Regulated Cascode current conveyors described in Chapter Four.

Each of the two implementations of the Current Feedback Operational Amplifier were

simulated and the simulation results were recorded and compared.

Chapter Six briefly summarises the previous chapters and future work 1s discussed.
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2.1 Introduction

This chapter will deal with analysis of the ‘Current Follower’ which makes up part of

the Current Conveyor, as explained in Chapter One, section 1.1, ‘The Current

Conveyor Explained’.

The chapter starts with a brief history of the transistor, to show how the BJT and the
CMOS transistors have a common background, and will highlight some of their

similanties and differences.

In Section 2.3, ‘The proposed Generic Transistor Model’, will deal with the theory
and analysis behind the generic transistor model to be used in the analysis of the

current followers in this chapter. The similarities and differences of the BJT and the

CMOS transistor are highlighted from a mathematical point of view.

Section 2.4 deals with several types of current mirrors, with the aim of looking at the

specific attributes such as output impedance and current gain which are major factors

in governing the accuracy of the current mirror [2-1]. The analysis was undertaken

using Matlab.

The results were recorded for both the BJT model and the CMOS model and then
compared to highlight and i1dentify their significant differences.
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2.2 A brief history of the transistor

To explain the reasoning behind the comparison between the BJT and the CMOS

transistor, 1t will be useful to explain the history surrounding the transistor.

The first patent for the transistor were registered in Germany in 1928 by Julius Edgar
Lilienfeld. In 1934 German physicist Dr. Oskar Heil patented the field-effect

transistor. It 1s not clear whether either design was ever built, and this 1s generally

considered unlikely [2-2],[2-3].

On 22 December 1947 William Shockley, John Bardeen and Walter Brattain
succeeded 1n building the first practical point-contact transistor at Bell Labs [2-4]

shown below 1n Figure 2-1, The First Point Contact Transistor. This work followed
from their war-time efforts to produce extremely pure germanium "crystal" mixer

diodes, used as a frequency mixer element 1n microwave radar receivers.

collector lead
emitter lead
B IENa NI
N |
base lead . A T —metal Date

Figure 2-1: The First Point Contact transistor ([2-5]).
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The point-contact transistor was commercialized and sold by Western Electric and
others but was rather quickly superseded by the junction transistor more commonly
known as the BJT because it was easier to manufacture and more rugged. The original
designs used germanium [2-5] but have now been superseded by silicon which 1s

much easier to manufacturer, has lower temperature dependence and the raw matenal

has a virtual unlimited supply.

The concept of the Field Effect Transistor (FET), of which the CMOS device is part
of this family, date back before the Point Contact Transistor. Indeed, the aim of the
original research at Bell Labs was to replace the fragile glass vacuum tube amplifier,
which could be described as the fore runner to the CMOS transistor. However, due to
manufacturing processes at the time the BJTs were easier to produce. Only recently
with the dramatic cost reductions in producing CMOS on silicon and improvements 1n

parameters such as transconductance [2-6] has the FET become the replacement to the

BJT device.

Even though the BJT and CMOS transistors differ in physical operation, from a small
signal models point of view, they have similar functional attributes such as
transconductance, gate/base drain/collector and source/emitter resistance. Effectively

from a small signal point of view a CMOS transistor can be looked upon as a BJT

with an infinite £ or a BJT can be looked upon as a CMOS with a base to emitter

resistance less than infinity, even though in reality a CMOS device gate to source
would never have an infinite impedance it would be high enough to assume this 1s the

Casc.
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2.3 The Generic Transistor Model

As previously mentioned from a small signal point of view the CMOS device can be

looked upon as a BJT with infinite £ . This concept will be used later in this chapter

when comparing the current mirrors attributes. As the CMOS and the BJT share
similar attributes a model was devised which could be used for both BJT and CMOS

transistor types. The model 1s shown below.

Figure 2-2: New Generic Small Signal Model for both BJT and CMOS FETs.

From Figure 2-2 the Generic Transistor has an input impedance, two small signal
current generators, and an output impedance, 1t 1s noted that this model does not
contain the obvious capacitances which would be associated with the BJT and CMOS
devices as the model 1s a low frequency model [2-7]. These attributes are not needed

in this analysis for the current mirror as this chapter only deals with the DC and low

frequency behaviour of the current mirrors being considered.
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To help with the understanding of the model shown in Figure 2-2, a general graph of

the current voltage (IV) characteristics of the Generic Transistor model 1s shown

below:

Vbias4

Vbias3

Vbias2

Vbiasl

apiiy—
_--l-l-
Am——

A
.ﬂ
#_'

Vint = V(intersept) Vout

Figure 2-3: Generic Transistor 1V Characteristics

Figure 2-3 shows the IV (Collector/Emitter(BJT)); Drain/Source(CMOS)) transter
characteristics of the Generic Model shown in Figure 2-2, Vbias(x) reters to the DC
bias of the device (V. for the BJT and Vg for the CMOS transistor).

From Figures 2-2, 2-3 the following generic equations can be derived:

Rin — ﬁ (21)
gm,

Rom — VHE (22)
]outO

(where Iouo 18 the current at Vo, = OV; This 1s the inverse of the gradient of the slope

Shown in Figure 2-3 for the appropriate Vbias).

From Figure 2-2, taking the two current generators, and the output resistance from
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equation (2).

V
[, =gmV. +gmV + R"”’ (2.3)

ol

[in 1s simply the input voltage (Vi,) over the measured small signal resistance (Rj,)

v,
I, == 2.4
in R ( )

in

Using these above equations and model in Figure 2-2, the small signal models for the

BJT and CMOS transistors are derived using the model parameter equations shown

both in Table 2-1 [2-15],[2-16].

Table 2-1: The Generic Model Equation translation table

| Model CMOS Equat-ion- BJT Equatibn
Parameter
Vint 1 ) Ev
A
;. | o N ~ 50to0 100
Rin R Rgs | Rbe
IOll W C | - 25—6' "
| Ty Y, (1+AV,,) Ise " (142
(Large Signal) 2L | Ev
Iou | W C Vbe
t0 Mo ox (Vgs _ I/th )2 [se
' (Large Signal) 2L
gm, ' Ves | Vbe
_{DQW.e ’_/’ Ise n (1 +Kg_e_)
LYV V, v,
- gmy l WioC.. T N/A
e (V)1 + AV, I

L &

-l — el

1) For device equations V; refers to the thermal voltage, around 26mV at

300K.
2) For the CMOS device ‘g’ refers to the gate; ‘s’ refers to the source; ‘d’

refers to the drain. Vy;, refers to the threshold voltage for the device.

3) For the BJT device ‘b’ refers to the base; ‘e’ refers to the emitter; ‘c’
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refers to the collector.
4) For the CMOS device A refers to the channel modulation parameter.

>) For the BJT device E, refers to the Early Voltage.
6) For the CMOS device /,,refers to a process dependant parameter based

on the source/bulk voltage and the threshold voltage (V).

From Table 2-1 1t can be seen that from a small signal point of view the CMOS and
BJTs are similar. They both have exponential generators, the BJT does lack the square
law generator though. They both have an input resistance even though CMOS devices
has an extremely high value, this value is actually falling as processes are shrinking,
and 1n the lower geometries the CMOS device 1s beginning to behave more like a BJT
device. The devices also have a similar output resistance independent of their current

generators, and the method of calculating this resistance from Vj, shown in Figure 2-

3 can be used for both the CMOS and the BJT devices.
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2.4 Current Mirror Analysis

As explained in the introduction to this chapter, for the current follower (generally
built with two current mirrors) to work successfully 1t must have the ability to copy
current accurately, and its output impedance must be as high as possible so that the
output current is equal to the input current irrespective of the value of the load. Ideally
the output impedance of the current mirror should be infinite meaning that any change
in voltage on the output would not affect the output current, in reality this 1s not

possible, but certain current mirror architectures can be used to increase output

impedance and hence improve performance.

This section will look at the architectures of several different current mirrors,
particularly their relative output impedances, and how changing transistor types from
BJT to CMOS affects their output impedances. Advantages and disadvantage will be

discussed and their ability to be used with the new conveyor will be reviewed briefly,

as this will be discussed in more detail 1n Chapter Four.

The following current mirror architectures were compared against the benchmark of
the simple two transistor current mirror circuits namely the:

1) Cascode Current Mirror;

2) Wilson Current Mirror;

3) Improved Wilson Current Mirror and the

4) Regulated Cascode Current Mirror.

The analysis undertaken for each of the current mirrors will be based on the BJT and

from Table 2-1 it will be assumed that for the CMOS analysis that the § of the

transistor will be infinite.
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2.4.1 The Simple Current Mirror

Figures 2-5a and b below show two implementations of a simple current mirror [2-9]

which will be used for the analysis:

Vx [1in Iout [in Iout

n N4

12

Figure 2-5a: A BJ1 simple current mirror. Kigure 2-5b: A CMOS simple current mirror.

From Figures 2-5a and b transistor T1 1s the input diode connected transistor and the
current 1s mirrored to the output via T2, as both transistors share the same base
voltage (Vx), then if both transistors are identical then the current mirrored at the

output Iout 1s to a first approximation the same as Iin.

2.4.1.1 Analysis of Output Impedance

From Figures 2-5a and b the following equivalent small signal model ot the current

mirror can be drawn, shown 1n Figure 2-6 below:

lin
VX [out
o] IIG]I rbel rbe2 I rce2 I e em2Vx Vout

Figure 2-6: Small Signal Equivalent Model of the Simple Current Mirror.
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From Figure 2-6 assuming Iin is an ideal current source:

lin=0; Vx =0; (AC Small Signal)
and:
V
lout = out + gm2.Vx (2.5)
r

ce?

then From (2.5):

lout = Yout (2.6)
rce2
as Vx =0;
so from (2.6):
Rout = vout _ .., (2.7)
lout

Equation (2.7) shows the BJT equivalent output impedance which is simply the
collector to emitter or drain to source impedance ot the output transistor and 1s not

affected by the [ of the transistors.

Therefore taking equation (2.7) and translating to the CMOS transistor:

Vout
lout

Rout =

=7,, (2.8)

[t can be seen that the impedances for both the BJT and CMOS mirrors have similar

attributes. As the S of the transistor has no effect on the output impedance of the

devices, it was not necessary to use Matlab in this case.
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2.4.2 The Cascode Current Mirror

This circuit technique increases the output impedance of the simple current mirror
using an extra transistor on the output [2-10]. Considering it is very popular in
common source amplifier design, as 1t reduces the Miller effect capacitance on the

input of the amplifier [2-8], this has the effect of increasing the effective bandwidth.
This 1s done by clamping the collector of the input transistor (T2 Figure 2-7a) as close

as possible to its base voltage, this has the effect of reducing the signal voltage across

the collector base capacitor, thus increasing bandwidth. Figure 2-7b works in the same

way.

Figures 2-7a and b below show two implementations of the cascode current mirror

which will now be analysed using the generic transistor model described in Section

2.3:

fout [out

Vbias Vbias
| 13 | 0——+ T3
[in [1n
N

12 11 12

Figure 2-7a: BJT Cascode Current Mirror. Figure 2-7b: CMOS Cascode Current Mirror.

The cascode current mirrors shown in Figures 2-7a and b, have the same structures as
the current mirrors in section 2.4.1 ‘The Simple Current Mirror’, except transistor T3
1s added. This 1s the cascode transistor and 1s tied to a fixed DC voltage (Vbias), the
current is mirrored from Iin through the diode connected transistor T1 to Iout through

transistor T2, and again if both T1 and T2 are identical then Iin and Iout will closely

match.

Note that the dimensions of transistor T3 does not affect the output current translation
of T1 and T2. This transistor 1s deliberately added to increase the output impedance of

the current mirror, as the analysis in the next section will show.
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2.4.2.1 Analysis of Qutput Impedance

From Figures 2-7a and b the following equivalent small signal model of the mirror

can be drawn, shown in Figure 2-8 below:

Iout

—  1b3 I rce3 I ‘I -gm3Vx

Vx

) Iin
N -~
rcel . I rbl  rb2 I rce?2 . em2Vx

Figure 2-8: Small Signal Equivalent model of the Cascode Current Mirror.

Vy

From Figure 2-8, assuming Iin 1s an ideal current source:

Iin=0; Vy =0; (AC small Signal)

and:

ﬂ3 'rce2 (1 +gm3'rce3)) (29)
(gm3 ‘rCEZ T ﬂ3)

Vout = lout(r,,, +

SO.

Vout r . (1+om,.r
e :rom :(rce3 +ﬁ3 66:2( g 3 633))

lout (gm3 'rce2 +ﬂ3)

(2.10)
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Equation 2.10 represents the exact value of the output impedance of the cascode

current mirror using BJT devices. So from equation (2.10) assuming that 83 rcep >> Iees
, 8M3Ice3 >> 1 and gmsr.e; >> (5 , the approximate output impedance of the mirror

using BJTs is:

N GNP .
~ ﬂ3 ce2 g_n_l?_rce.”_ (211)

gm3 'rceZ

¥

out

which simplifies to:

rout mﬁ3"rc¢:-32 (212)

Reterring to Figure 2-7b:
f,—>0  (for a CMOS device)

SO.

rout ~ rdsZ (1 +gm3 'rds3) (213)
which simplifies to:
4 ut ~ rdsZ 'gm3 'rds3 (214)

0

From Equation (2.12) that for the BJT equivalent, the impedance has increased by a

factor of S, compared to that of the simple current mirror, and for the CMOS

equivalent the impedance has been increased by a factor of gms.rgs3 (Equation (2.14)).

This factor can be made high so ryy 1s much higher than rds2.
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2.4.2.2 Matlab Results

To give a better idea of how the BJT and CMOS transistor atfects the output
impedance of the cascode current mirrors, a Matlab model was generated using

Equation (2.10) shown in Section 2.4.2.1. The Matlab scripts for this are shown 1n the
Appendices at the end of this chapter.

Two different Matlab scripts were written with the following objectives:

1) To show the differences in impedance with BJTs set to a £ of 50, and CMOS

transistors where the value of f was set to 10,000. The transconductance and

their output impedances were set to the same values for both types of mirrors,

these values are arbitrary and are shown in the Appendix at the end of this

chapter.

2) To show the effects on the output impedance of the current mirror by

increasing [ from 1 to 10,000 1.e. moving from a BJT mirror to a CMOS

mirror.

The results from Script]l are as follows:

1) BJT cascode current mirror’s output impedance (from Equation 2.10):
oy = 347K Q2

11) CMOS cascode current mirror’s output impedance (from Equation 2.10):
fout = 1.01M Q2

Now using Script]l the approximate values of the cascode current mirror are as

follows:

111) BJT cascode current mirror’s output impedance (from Equation 2.12):

Tout — 500K €2
1V) CMOS cascode current mirror’s output impedance (from Equation 2.14):
Tout — I1MQ
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Now using Script2 as explained previously the S of the cascode current mirror was

increased from 1 to 10,000 the graph (Figure 2-9) below shows changes in the output

impedance as the value of f is increased:

x 10° Output resistance of Cascode Mimor wit Beta
11 —_— e

E / _
N I /
2 5t _
4 — ff’f =
3 _
2 f / =
/
e
1 L t L Lo |
10’ 10° 10° 10° 10°
Beta

Figure 2-9: The effects of a transistors [ on the output impedance of a Cascode

Current Mirror.

Figure 2-9 shows that as /£ increases the output impedance of the current mirror
increases and limits at about 1M Q as £ approaches 10,000, taking into account that

the transconductance and output impedance of the transistors match. This impedance
is equivalent to the Cascode type current mirror, but the base/gate of transistor T3

does not need extra circuitry to bias it as it is biased by the collector/drain of T1.
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2.4.3 The Wilson Current Mirror

This circuit technique is another used to improve the output impedance of the simple
current mirror using an extra transistor on the output [2-11]. This time unlike the
cascode current mirror, T3 base is connected to the input of the mirror, and as the
output current increases, it increases the collector/emitter voltage (Figure 2-10a) of
T2. This reduces the base/emitter voltage of T3, as the base of T3 is fixed, reducing
the tlow of current through T3 and T2 until it reaches approximately Iin. Figure 2-10b

works 1n the same way.

Figures 2-10a and b below show two implementations of the Wilson current mirror

which will be analysed using the generic transistor model described in Section 2.3:

lin Iout lin lout

13

11 - 12 Tl

13

Figure 2-10a: A BJT Wilson Current Figure 2-10b: A CMOS Wilson Current

Mirror. Mirror.
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2.43.1 Analysis of Output Impedance

From Figures 2-10a and b the following small signal equivalent circuit of the Wilson

current mirror can be drawn, shown in Figure 2-11 below:

[in lout

b3 I rce3 |I l gm3(Vy-Vx)
Vx
~ - e
rcel gmlVx rbl b2 om2Vx

Figure 2-11: Small Signal Equivalent Model of the Wilson Current Mirror.
From Figure 2-11 assuming Iin 1s an i1deal current source:
Ilin=0; (AC small Signal)

SO.

I;:Zf =r , =(r,,—gm,Bgy.Bgxr, , +Bgx.gm,.r,, + Bgx) (2.15)
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where

Bgx = S ﬁ“Bg—i—Bl — - (2.16)
(gm,.B,. By 1., +8m,. BBy, +8m,.0,.0,.Ps5 1.,
+ﬂ1'ﬁ2'ﬁ3 _gm3'ﬂl'ﬂ2'rce2(Bgy_l))
and:
Bay = &M Tea ~8M Py Tea (2.17)
p, +gms.r,,

Equation 2.15 represents the exact value of the output impedance of the Wilson
current mirror using BJT devices. So From (2.15) simplifying the equation the

approximate output impedance of the mirror using BJTs 1s:

rout ~ ﬂ3 ;CE3 (218)

Reterring to Figure 2-10b:
B..B,,5,——>o  (For a CMOS device)

SO.

rout = rds3 + rds?2 (gm3.gml rdsl.rds3 + gm3.ras3 +1) (2.19)
(gm2.rds2 +1) '

which simplifies to:

o B8 a5t T as3 (2.20)
&M,

otit

From Equation (2.18) that for the BJT equivalent, the impedance has increased by a

factor of —%?- compared to that of the simple current mirror, and tor the CMOS

equivalent the impedance has been increased by a factor of ‘gm3.gml.rds3/gm?2’. If

all the transistors for a CMOS equivalent Wilson current mirror match then the output

impedance would match that of the Cascode current mirror.
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2.4.3.2 Matlab Results

To give a better idea of how the BJT and CMOS transistor affects the Wilson current
mirrors’ output impedance, a Matlab model was generated using equations

(2.15,2.16,2.17) shown in section 2.4.3.1. The Matlab scripts for this are shown in the
Appendices at the end of this chapter.

Two different Matlab scripts were written with the following objectives:

1) To show the differences in impedance with BJTs set to a # of 50, and CMOS

transistors where the value of [ was set to a very 10,000. The

transconductance and their output impedances were set to the same values for

both types of mirrors, these values are arbitrary and are shown in the

Appendix at the end of this chapter.
2) To show the effects on the output impedance of the current mirror by

increasing £ from 1 to 10,000 1.e. moving from a BJT mirror to a CMOS

mirror.
The results from Scriptl are as follows:

1) BJT Wilson current mirror’s output impedance (from Equation 2.15):

Tout — 205K €2

11) CMOS Wilson current mirror’s output impedance (from Equation 2.15):

Tout — 990K €2

Now using Scriptl the approximate values of the Wilson current mirror are as

follows:

111) BJT Wilson current mirror’s output impedance (from Equation 2.18):

Tout — 250K €2

iv) CMOS Wilson current mirror’s output impedance (from Equation 2.20):

Tout — 1.0IMQ

Now using Script?2 as explained previously the B of the Wilson current mirror was

increased from 1 to 10,000, the graph (Figure 2-12) below shows changes in the
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output impedance as the value of 4 is increased:

x 10 Output Resistance of Wilson Mirror wrt Beta

¥ L ) T I' T ) T T T T rr 'l | ¥ L T T T LI | [ L L L L) Ll Ll T T '[

12

Output Resistance (ohms)

10 10 10 10 10 10°
Beta

Figure 2-12: The effects of a transistors [ on the output impedance of a Wilson

Current Mirror.

Figure 2-12 shows that as [ increases the output impedance of the current mirror

increases and reaches 1M Q as [ approaches infinity, taking into account that the

transconductance and output impedance of the transistors match. This 1s the same as

the Cascode current mirror.
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2.4.4 The Improved Wilson Current Mirror

This current mirror is an improved version of the Wilson current mirror [2-12], but
with the addition of transistor T4 which is diode connected, the current through T4
will match that of T3, and because of the symmetry of the circuit current through T1,

will match that at the output of the mirror T2 meaning that lin is more precisely

matched to Iout.

Figures 2-13a and b below show two implementations of the Improved Wilson current

mirror which will be used for the analysis:

[in Iout [in [out

T4 T3 T4 T3

11 - 12 11

12

Figure 2-13a: A BJT Improved Wilson Figure 2-13a: A CMOS Improved Wilson

Current Mirror. Current Mirror.
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2.4.4.1 Analysis of Output Impedance

From Figures 2-13a and b the following equivalent small signal model of the current

mirror can be drawn, as shown in Figure 2-14 below:

Vin [in

[out
~ ! ~
rce4 . rb rce3 gm3(Vin-Vx)
Vy
VX
N 7
rcel em]Vx bl rb. gm2Vx

Figure 2-14: Small Signal Equivalent model of the Improved Wilson Current

Mirror.

From Figure 2-14 assuming Iin is an 1deal current source:

Ilin=0; Vin = 0; (AC small Signal)
SO:
Vout . .
—=r, =t +Bx+gm,r,, Bx(1-BinBy.f, — Bingm,.Rdl) (2.21)
lout
where:
Rdl=— < e (2.22)
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 Teeq -/B4 N (2.23)

Rd4 = -

(ﬂ4 T gm4 'rce4'ﬁ4 + gm4'rce4)
and:
. |

Bin = ———— (2.24)
(S, + gm,.Rd])

By = gm,.Rdl.r_, — Bingm,.Rdl.r_, (2.25)

(Bin'ﬁ:% 'rceZ o rceZ o Rdl)
B Rdl.Rd4 (2.26)

" (Rd1+ By.Rd4+ gm, .RA1Rd4 — Bin.By.3, Rd4 — Bin.gm, .Rd1.Rd4)

Equation 2.21 represents the exact value of the output impedance of the improved

Wilson current mirror using BJT devices. So from (2.21) simplifying the equation, the

approximate output impedance ot the mirror using BJTs 1s:

o = 22 2.27)

Referring to Figure 2-13b:
B, 05,, B, . ——> o (for a CMOS device)

SO.

Ps-ry (1 +gmsy.r i3) (2.28)
(gmy 7y + P3)

rout ~ rds3 T

From Equation (2.27), that for the BJT equivalent, the impedance has increased by a

factor of S, compared to that of the simple current mirror, and tor the CMOS

(1 T M3y )
(gms .ty + 3)

equivalent the impedance has been increased by a factor of , as

shown in Equation (2.28). For the BJT equivalent, the output impedance matches that

of the cascode current mirror.
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24.4.2 Matlab Results

T'o give a better idea of how the BJT and CMOS transistor affects the improved
Wilson current mirrors’ output impedance, a Matlab model was generated using

Equations (2.21 to 2.26) as shown in Section 2.4.4.1. The Matlab scripts for this are
shown 1n the Appendices at the end of this chapter.

Two different Matlab scripts were written with the following objectives:

1) To show the differences in impedance with BJTs set toa f# of 50, and CMOS
transistors where the value of / was set to 10,000. The transconductance and

their output impedances were set to the same values for both types of current

mirrors, these values are arbitrary and are shown 1in the appendix at the end of

this chapter.

2) To show the effects on the output impedance of the current mirror by

increasing [ from 1 to 10,000 1.e. moving from a BJT current mirror to a

CMOS current mirror.
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The results from Script1 are as follows:

1) BJT improved Wilson current mirror’s output impedance (from Equation
2.21):
Tout= 295K €2 ;
11) CMOS improved Wilson current mirror’s output impedance (from
Equation 2.21):

Tout — 509K Q).

Now using Scriptl the approximate values of the Improved Wilson current mirror are

as follows:

111) BJT improved Wilson current mirror’s output impedance (from Equation

2.27):
Tout — 250K €2 .

1V) CMOS improved Wilson current mirror’s output impedance (from

Equation 2.28):
Tout = 494K 2.
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Now using Script2, as explained previously the S of the improved Wilson current

mirror was increased from 1 to 10,000 the graph (Figure 2-15) below shows changes

in the output impedance as the value of A is increased:

x 10 Output Resistance of Improved Wilson Mirror wrt Beta
5.5 . —————— : S — . —————— —

g ey — - T  —

LN
ECN N
r T
I I

&
&)
l

|

o
|
|

Output Resistance (ohms)

N
o
]

'.

1 5 B f/ﬂ —_

0‘5 : ! TR R : * T T 1 1 I S SR N B ; , Co oy st
10 10 10 10 10

Beta

Figure 2-15: The effects of a transistors [ on the output impedance of an

Improved Wilson Current Mirror.

Figure 2-15 shows that as [ increases the output impedance ot the current mirror
increases and reaches 494K Q2 as [ approaches infinity, taking into account that the

transconductance and output impedance of the transistors match. This impedance has
dropped by half compared to that of a cascode or Wilson current mirror. However,
this type of circuit has the advantage of being more symmetrical than the previous

current mirrors so current 1s more precisely copied from input to output.
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2.4.5 The Regulated Cascode Current Mirror

The regulated cascode current mirror [2-13], uses the same building blocks as the
cascode current mirror shown in Figure 2-7a, except another transistor (T4) is added,
and 1s connected to the emitter and base of T3, unlike the cascode current mirror

which 1s biased by a fixed voltage, transistor T4 regulates the bias voltage on the base

of T3 using a fixed bias current through T4’s collector/emitter.

As current Iout increases 1t forces transistor T2 collector/emitter voltage to rise this
has the eftect of increasing the base/emitter of T4, as T4 has a fixed current this forces
the base of T3 to drop, this has the overall effect of reducing the base/emitter voltage

of T3, shutting down the current flow through to T2 and constrains Iout which

eftectively increases the output impedance.

For the regulated cascode current mirror to work another fixed current supply above
that of the input current Iin is needed. This Ibias current does not have to match the

input current Iin but must be high enough to bias transistors T3 and T4.

Note: Unlike the Wilson and Improved Wilson current mirrors the input current is not

part of the feedback path.
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Figures 2-16a and b below show two implementations of the regulated cascode

current mirror which will be analysed to obtain its main characteristics:

Ibias Iout Ibias Iout

13 13

T4 T4

[in Iin

Figure 2-16a: A BJT Regulated Cascode Figure 2-16b: A CMOS Regulated Cascode

Current Mirror. Current Mirror.
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2.4.5.1 Analysis of Output Impedance

From Figures 2-16a and b the following equivalent small signal model of the current

mirror can be drawn, shown in Figure 2-17 below:

Vx [in

Figure 2-17: Small Signal Equivalent Model of the Regulated Cascode Current

Mirror.

From Figure 2-17 assuming Iin 1s an ideal current source:

Iin=0; Vx =0; (AC small Signal)
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Then:

Vout
] [ = rOut — rce?, T Bgy o gm3 'BgZ'Bgy'rce3 T gm3 'Bgy'rce3 (229)
ou
where:
Bgy Fee2 'ﬁ4 '/83 (230)

(ﬂ4'ﬂ3 _gmB 'Bgz'ﬂ4'rce2 +gm3 'ﬂ4'rce2 +ﬁ3 'gm4'rce2)

_ _g_{?_z3 'rce4 o gm4 'ﬂ3 ‘rce4

Bgz = (2.31)
gm3 'rce4 T ﬂ3

Equation 2.29 represents the exact value of the output impedance ot the regulated
cascode current mirror using BJT devices. So From (2.29) simplifying the equation

the approximate output impedance of the current mirror using BJTs 1is:

rout ~ ﬁ3 ‘rce3 (232)

Referring to Figure 2-16b:
B, B, By, B, — > (For a CMOS device)

SO:

v, R gM, GM,F, o (2.33)

0 ce2 " ce3

From equation (2.32) that for the BJT equivalent the impedance has increased by a

factor of #,. The CMOS equivalent impedance has been increased by a factor of

‘em3.gm4.rce4.rce3’ shown in equation (2.33).
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2.4.5.2 Matlab Results
To give a better idea of how the BJT and CMOS transistor affects the regulated

cascode current mirrors’ output impedance, a Matlab model was designed using

equations (2.29 to 2.31) shown in Section 2.4.5.1. The scripts for this are shown in the
Appendices at the end of this chapter.

But two scripts were written:

1) To Show the differences in impedance with BJTs set to a # of 50, and CMOS

transistors where the value of  was set to 10,000. The transconductance and

their output impedances were set to the same values for both types of current

mirrors, these values are arbitrary and are shown in the Appendix at the end of

this chapter.

2) To show the effects on the output impedance of the current mirror, by

increasing £ from 1 to 1,000,000 i1e. moving from a BJT current mirror to a

CMOS current mirror. This 1s higher than the other versions of the current

mirror analysis, this 1s because the output impedance of the regulated cascode

current mirror 1S more sensitive to the smaller values of 5.
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The results from Script] are as follows:

1) BJT regulated cascode current mirror’s output impedance (from Equation
2.29):

Tout — 488K €)

11) CMOS regulated cascode current mirror’s output impedance (from

Equation 2.32):
Yout — 09.8M Q)

Now using Scriptl the approximate values of the regulated cascode current mirror are

as tollows:

1)  BJT regulated cascode current mirror’s output impedance (from Equation
2.29):

Tout — S00K Q)

1V) CMOS regulated cascode current mirror’s output impedance (from

Equation 2.33):
Tout — 100M Q)

Clearly the regulated cascode current mirror does not offer any improvement in output

for the BJT circuit . However, the CMOS realization 1s significantly better.
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Now using Script2 as explained previously the B of the regulated cascode current

mirror was increased from 1 to 1,000,000 the graph (Figure 2-18) below shows

changes in the output impedance as the value of f is increased:

x 10 Output resistance of Reguated Cascode Minor wit Beta

12 d ' ¥ T'_"T! T llrl T T_T-l_l-r ||1|1|| T rrrrrl

|
1

n

1

|

]

r‘ 1
.d__.____-..——-'" —

d____,.a.-"'_ 1

.- =T 1

.l-"‘-'.‘- _.

- L

Output Resistance (ohms)
o

-
-
-
-
-
-
e
s =
i [y

Figure 2-18: The effects of a transistors [ on the output impedance of a

Regulated Cascode Current Mirror.

Figure 2-18 shows that as [ 1s increased the output impedance ot the current mirror

increases, reaching 100M 2 as £ approaches infinity, taking into account that the

transconductance and output impedance of the transistors match. This 1s a 100 times

increase in impedance on the Cascode and Wilson mirror 1f implemented in CMOS.
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2.5 Simulation of Current Mirrors using CMOS devices

As the aim of this research is to design a current conveyor using CMOS transistors.
Many of the simulations were undertaken on all the current mirrors analysed in
Section 2.4. These simulations used the models from the TSMC 0.18 um process [2-

14]. To give a fair comparison of all the current mirror architectures, all transistors in

the design were identical in their dimensions were that of:
Width = 20um
Length = 0.18um
All test circuits used an input current of ImA and an output voltage of 1.8V, these

figures were taken from a high frequency transceiver 1mA being the source reference

current.

2.5.1 A Simple Current Mirror

“ [In=1mA
Y

7 Jout e 1.8V

Tl 12

Figure 2-19: The test circuit for the simple current mirror.

Figure 2-19 shows the test circuit used to measure the current mirror accuracy and the
output impedance of the current mirror. From this the following results were obtained:
1) Input current (DC) = ImA (from 1deal source)
2) Output current (DC) = 1.6mA.

3) Output impedance = 2.07K €2 (dropping to 1.42KQ (@ 316MHz)

Note: This was used to bench mark the rest of the current mirrors that were tested.
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2.5.2 The Cascode Current Mirror

[out

“ [iIn=1mA
NS

+ 13 +

@ LoV o | 8V

T2

T1

Figure 2-20: The test circuit for the cascode current mirror.

Figure 2-20 shows the test circuit used to measure the current mirror accuracy and the

output impedance of the cascode current mirror.
From this the following results were obtained:
1) Input current (DC) = 1mA (from 1deal source)

2) Output current (DC) = 1.05mA.
3) Output impedance = 129K Q2 (dropping to 100K Q2 @ 4.5MHz)
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2.5.3 The Wilson Current Mirror

e [iIn=1mA

Iout
T3 N
o 8V
T1 12

Figure 2-21: The test circuit for the Wilson current mirror.

Figure 2-21 shows the test circuit used to measure the current mirror accuracy and the

output impedance of the Wilson current mirror.
From this the following results were obtained:
1) Input current (DC) = ImA (from 1deal source)

2) Output current (DC) = 0.775mA.
3) Output impedance = 130K Q2 (dropping to 100K Q2 @ 4.45MHz)
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2.5.4 The Improved Wilson Current Mirror

e [in=1mA

lout

T4 T3 N

Tl

12

Figure 2-22: The test circuit for the improved Wilson current mirror.

Figure 2-22 shows the test circuit used to measure the current mirror accuracy and the

output impedance of the improved Wilson current mirror.
From this the following results were obtained:
1) Input current (DC) = ImA (from 1deal source)

2) Output current (DC) = 1mA.
3) Output impedance = 93.8K Q2 dropping to S0K 2 @ 10.9MHz)
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2.5.5 The Regulated Cascode Current Mirror

Iin=1mA

Ibias=1mA

(S

Iout

1.8V
13

T4

T1 12

Figure 2-22: The test circuit for the regulated cascode current mirror.

Figure 2-22 shows the test circuit used to measure the current mirror accuracy and the

output impedance of the regulated cascode current mirror.
From this the following results were obtained:
1) Input current (DC) = 1mA (from i1deal source)

2) Output current (DC) = 0.993mA.
3) Output impedance = 1.49M Q (dropping to IMQ @ 758KHz)
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2.6 Review of Results

To help summarise the results the following table below was drawn up based on all

the transistors having the same gm, and r4y/T.. parameters.

Table 2-2: Summary of the characteristics of the current mirror (partl)

Sililple Cascode Wilson

Mirror Mirror Mirror J
CMOS Equation rds K g_a.rds2 __'—_g_m.rdsz__'
Matlab: BJT results o e 5)01(5_ o -2501(Q_—l
Matlab: CMOS results NA | MO MO |

Spice: CMOS results 1.42kQ 129K ) 130K ()
Spice: The current seen - 160 105 | 77.5

at the output as a % of

| the input.
e - — St

Table 2-3: Summary of the characteristics of the current mirror (part2)

l_ B Impr;)—ved Regulated
| Wilson Mirror | Cascode
' Mirror
BJT Equation [ .rce/2 [ .rce
CMOS Equation gm.-.rds2 _____ o m’.rds’
Matlab: BJT results 250K €) —'_MQ
Matlab: CMOS results 494K-Q ok 100M €2

Spice: CMOS results

Spice: The current seen

at the output as a % of

the input.

Tables 2-2 and 2-3 shows the relative characteristics of the five current mirrors

studied simplifying comparisons made 1n this chapter.

Firstly it can be noted that using CMOS devices can improve the output impedance

dramatically by using these architectures, where BJT devices can only improve their

output impedance by a factor of /.
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As can be seen from Table 2-2 and Table 2-3 the regulated cascode current mirror

exhibits the highest value of output impedance by a factor of over 100 times the

closest rival.

Also to note is the DC copying capability of the current mirrors, and this shows up the
need to improve the output impedance of the current mirror, as the simple current
mirror had copied 160% of the original input current due to the extra current through
the Drain/Source resistance of the output transistor of the current mirror. The cascode
current mirror had improved this figure to only 105% of the input current, and the
Improved Wilson and regulated cascode current mirror had got this figure close to the
desired 100% of the input current. Only the Wilson current mirror suffered with only
copying 77.5% of the input current, this was due to the fact that the input transistor to
the current mirror was not diode connected and the input current was then split
between the Drain/Source resistance and its DC current generator, as only the DC
current generator is copied, 22.5% of the current (in this example) was lost through its
Drain/Source resistance and was not copied to the output of the current mirror. This

high percentage loss in the accuracy of the Wilson current mirror was due to the

channel modulation effect of the CMOS transistors used in the simulation.

Another factor to take into account is the bandwidth of each of the current mirrors,
this will be explained in more detail in Chapter Four, but because each transistor 1s
limited (due to process) by its Gate/Source, Gate/Drain capacitance its inherent
bandwidth is limited by its output impedance (equivalent to a RC low pass network),
in simple terms as the output impedance of the current mirror increases its bandwidth
drops, so for a high bandwidth current mirror then the best type would be a simple
current mirror and for a low bandwidth high accurate current mirror a regulated

cascode current mirror would be best. In reality a compromise would have to be

made.

To summarize when choosing a current mirror for a current conveyor it 1s important
to take into account its application. For example a high bandwidth conveyor may use
a simple current mirror as its follower, but an audio application would use a regulated

cascode current follower which is less susceptible to noise on the power supply, but

does not have a high bandwidth requirement.
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(APP 2.1) Detail Analysis of Current Mirrors.
(APP 2.1.1) The Cascode Current Mirror.
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Figure AP.2.1 The cascode current mirror small signal model
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looking at transistor M2:

. 4
Iout T lb3 — gmz-Vy + ~<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>