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Current Mirror
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Abstract--- Current mirror (CM) is a basic building block of several mixed signal circuits such as
analog to digital converter, filter etc. The performance metrics of current mirror are its current transfer
error ratio, input and output resistances, low input and output compliance voltages and bandwidth
response. Out of these metric the current transfer error ratio is more significant parameter as it defines
the accuracy of current copying capability in its dynamic range. Various topologies have been proposed
with minimum current transfer error ratio. Such errors are greatly affected by the device mismatch
governing of its construction parameters. The paper is targeted to achieve minimum current transfer
error ratio at sub-volt supply. The proposed circuit uses a feedback loop from input to output and vice
versa which enables it to compensate the error responsible of current mismatch. The design is simulated

on 180nm node with the help of HSpice simulator.

Keywords— Gate-Driven, Floating-gate, Quasi-floating gate, Current Mirror, Compliance voltage,
Bandwidth, Power

I INTRODUCTION

HE demand of portable electronic equipment has encouraged low voltage (LV) low power (LP) designs for
both types of circuits i.e. analog and digital. The trend of technology down scaling and demand of low power
requirements had put limitations on design of precise amplifiers with high gain, dynamic range and full signal
swing. Nowadays IC designers are moving towards low power approaches [1], for example-Floating Gate Metal
Oxide Semiconductor (FG-MOS) and Quasi Floating Gate Metal Oxide Semiconductor (QFG-MQOS) transistors.
Circuits based on FG MOS transistors can operate at much lower supply than conventional CMOS. The advantage
of these devices lies in terms of charge storing capability on its floating gate and in terms on linearity as the
capacitor divider makes input signal attenuate which increases the linearity at the expense of increased input-

referred noise.

Current mirror (CM) is a circuit whose function is to copy currents to various blocks in the circuit. A most
common example can be found in biasing blocks for operational transconductance amplifier, op-amps,
stabilization, current amplification, active loading and level shifting [2]. The important parameters governing the
current mirrors are accuracy, input/output compliances voltage limits, small signal input/output impedances,
bandwidth, input/output curve (transfer characteristics). Many high performance and precise applications require
an accurate current mirror [3, 4]. The simple current mirror unfit due to its degraded parameters like low output
resistance and high current transfer error. The errors (mainly due to mismatch) deteriorate the performance of

precise analog circuits mainly for short channel devices. It causes an unavoidable offset in output current. Various
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approaches [2] have been proposed to overcome such offset current and maintain accuracy at the expense of
circuit’s complexity. The accuracy of a current mirror is governed by the device electrical parameters. The closer
the parameters, the better the accuracy of the output current produced. However, the perfect matching of transistors
only exists in the world of fantasy. So, it is instructive to investigate various sources of mismatch and its effect on
the performance of a current mirror which can be either deterministic (VDS mismatch) or random (Tran
conductance & threshold voltage). However, the prominent mismatch is deterministic which can be overcome by
careful design. It is very important to consider VDS mismatch as it greatly affects the accuracy of output current.
The VDS mismatch effect is visible by presence of finite output impedance. The effect in the output current is due
to channel length modulation. Through cascading and gain boosting techniques these mismatch can be
compensated. In [5, 6] the current mirror was implemented using bulk-driven mechanism. This made CM immune
to threshold voltage limitation and maximizes the input voltage swing. Further for current transfer accuracy, they
implemented a feedback along with gate-driven cascade structure for extending the operating range of CM. For
bandwidth enhancement, the architecture uses the resistive compensation scheme. Many modifications have been
performed on this architecture to make it operable at low supply range. Some focused on achieving very low input
and high output impedance by double-nested shunt feedback loop along with flipped voltage follower (FVF)
architecture [7, 8]. To enhance bandwidth, the resistive compensation was used on self-cascode [9] as this structure
requires the minimum input supply voltage. While [10] uses the feedback loop at the output node which decreases
the compliance voltage with an appreciable increase of bandwidth. The way to proceed towards low power at

minimum supply not only make circuits complex but also degrade some of its metrics.

Instead of approaching with complex circuitry, the MOS transistor is replaced by the well known architectures
referred as FGMOS and QFGMOS. Use of such devices offers a floating node which helped in minimizing
matching errors. Some of FGMOS based LV CM circuits can be found in [11-14]. These devices helped in
designing CM [11, 12] with highly current matching and low voltage operation through applying potential on
secondary terminal. Based on FGMOS, an op-amp [13, 14] was proposed where they perform direct
implementation of linear weighted addition of continuous-time signals. Other applications like divider, voltage-
controlled resistor, transresistance amplifier based on FGMOS were also proposed [15, 16]. With the advent of
QFGMOS, nowadays the power consuming sections of standard circuits is replaced by QFGMOS transistors. A
numerous examples can be found in implementation of LV mixers & switches [17, 18] op-amp [19] resistor [20]
etc. It also gained interest in CM circuits as these circuits require high accuracy rate. Since QFGMOS s capable of
processing signal from very low to high frequency, requirement of high bandwidth (BW) CM circuits were
accomplished using QFGMOS [21-32]. In this work, a QFGMOS based current mirror is proposed with minimum
current transfer error at high bandwidth. The paper is divided in five sections. Section Il covers the basics on
FGMOS and QFGMOS architectures followed by proposed CM circuit in section I11. The simulation results are

discussed in section 1V and finally paper is concluded section V.

Il PRELIMINARIES
I1.1. Floating Gate MOSFET
The architecture of two-input N-type FGMOS with its parasitic capacitances is shown in Fig. 1.
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Fig.1. Two-input FGMOS transistor Equivalent circuit
The gate is at floating potential under DC condition whereas it is capacitive connected to input via second layer

of ploy silicon. The input capacitor (Cl,Cz) formed is referred as poly-poly (PIP) capacitor while others

(Css:Cep:Cqg ) are the parasitic capacitance associated the floating gate

node. Using the law of charge conservation at floating node potential (V. ) , the calculated floating gate

voltage is given as

1 N
Vi = C. [chvk *CosVs +CopVo +CopVe + on ¥
k=1

T

whereC; =C +C, +...+C +C +C;p +Cqp, and Q, is the initial charge trapped in the floating gate

during fabrication. Two issues were observed while working with FGMOS. The first issue was regarding initial
charge trapping at FG node. Such charge trapping at floating node causes large DC offsets. The very common
technique used for initial charge removal in FGMOS EPROM is Ultra Violet (UV) radiation. As the process of
charge removal is done after fabrication. Since the process is costly, the analog designers were not involved much
with such architectures in the past. Various techniques of charge removal were proposed which do not require any
UV exposure [33]. They adopted the layout based approach for removal of initial charges from FG node. The
second issue was regarding effective gate voltage at FG node. Due to capacitive voltage divider, the FG
experiences an effective voltage less than the desired input. So, appropriate selection of capacitor became a tedious

task for IC designers.

IL1l. Quasi-floating Gate MOSFET

As discussed the FGMOS transistor has certain advantages but also suffers some of disadvantage. The scaling
issue of input voltage in FGMOS was removed by using a large capacitance (C,a,ge) ratio at FG node which forces

the FG potential close to the supply rail. But such large coupling capacitor resulted in increased silicon area,
notable reduced gain-bandwidth (GB) product in differential amplifier. To solve the issue, the researchers proposed

architecture very much similar to FGMOS and named it as Quasi FGMOS (QFGMOS) transistor. They used a

large value resistor as a replacement of capacitor (C,a,ge) which they implemented using leakage resistance

(RI arge) of a reverse biased junction of MOS transistor operating in cut-off region. Through such large resistance

they were able to connect the FG weakly to the desired DC level. The architecture of two-input N-channel
QFGMOS is shown in Fig. 2.
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Fig.2. Two-input QFGMOS transistor equivalent circuit
The architecture is similar to FGMOS but here the quasi floating gate is set to the dc gate voltage V,
independently of the DC levels of the input voltages V, andV, . The effective quasi floating gate voltage under ac
input in s-domain is expressed as

SR arge N
arg (chvk +CoVs +CopV, + CGBij 2)

Vo = ——me
QFG g
1+5R .G Ui

whereC; =C, +C, +...+C, +Cg +Cgp +Cqs +Cqp is the total capacitance and C, is the parasitic
capacitance of p-channel MOS transistor in cut-off region seen from gate. From the above equation, it is quite clear

that the device is operating as high pass filter with its cut-off frequency of (:I/ 27zR,argeCT') . Depending on the value

of R, the cut-off frequency can be made very low (less than 1 Hz). So, it can perform as weighted average of ac

input voltages from very low frequency to high frequency without affecting the required results till it remains large

enough.

11l PROPOSED CURRENT MIRROR

In this paper, an approach to make equal VDS drop of MN1 and MN2 in QFGMOS CM is proposed. The
proposed CM consists of a feedback loop as shown in Fig. 3. The loop enables both the transistors MN1 and MN2
to experience the same gate voltage and same VDS drop which make it to satisfy the basic necessary condition of
accurate mirroring. The nested feedback loop increases the performance of the current copying without using

complex circuitry.

rout
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Fig.3. Proposed QFGMOS CM

For any MOS transistor, the condition for linear region is when drain-to-source voltage (V,s) becomes lower
than the overdrive voltage (Vg —V,, ) . Under constantV , the channel length modulation causes significant

reduction in transistor output resistance which shows the dependency of drain-to-source current (1,s) on Vpg

variations. For MOS in saturation the drain current for N-channel is given as
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1 W
Ip = E/’Incox T(VGS Vi )2 (1+ AVps ) 3

From (1), itis clear that if V55 kept constant whereas V,; has variations then it will affect 1,5 . If somehow

the variations in V, can be compensated through some feedback loop to the desired value of V¢ then the
accuracy can be guaranteed for any value of current. The MN1 transistor act as input whereas MN2 as output
transistor. The input signal is coupled via input capacitors C, and C, of MOSFETs MN1 and MN2. This QFG
node is weakly connected to supply via high value resistor of MP working in cut-off region. The very common
factor influencing signal swing is the threshold voltage of MOSFET. For a current mirror the dependence of input
voltage on threshold voltage of input transistor puts the limitation on range of input compliance voltage. Using
level shifter techniques [3], further reduction of input compliance can be easily achieved without affecting the
circuit’s frequency response. In fig. 3 the PMOS transistor MP1 acts as a level shifter which varies the drain
potential of input transistor MN1 hence affecting the input compliance voltage range. The magnitude of 1,

determines the operating region of MP1 whereas MN1 depends on magnitude of both 1, and I, .The most

bias
desired operating mode for MP1 is cut-off region which results in high impedance and do not disturb the input-
output impedances of CM.

The condition for exact current copy is to have Vg, =V, andV, =V, .Though it can be assured that
Vs =Vas, =Vore  bUt Vg, cannot be guaranteed to be equal toVy, . So, the goal is to achieve Vi, =V, . There

can be either of two cases:

Case (i) whenV,, <V, under this case add an extra correction factor of V; which will make Vg, =V,

i.e. Vo, =Vos, Vs (4)
Case (ii) whenV,,, >V,, under this case again add an extra correction factor of V., which will make

Vv

c2 =

V,

DS1

\Y

DS2

From (4) & (5), it can be observed that to hold the condition Vg, =V, true, the value of correction factors is
to be made such that it satisfies the two conditions: V., &V,, areequal and V, &V,, are out of phase. The
proposed CM architecture replaces the correction factor V; and V., with Vg, and Vg, of the diode connected
MOS transistor MN3 & MNA4 respectively. The input voltage get added up with Vg, whereas the output

withV, , and the resulting new voltage appearing at input & output terminals are

Vin :V051 +V653 (6)
Vin :VDSI +VD52 _VDSI :VDSZ )
Vout :VDSZ +VGS4 (8)
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V.., +V,

Vout = Vps2 Ds1

Vos2 =Vost (€)]
Also, Vess = _(Ves4) (10)

From (7) & (9), the voltages reflection with equal amplitude can be seen which fulfills the first desired

condition whereas (10) fulfills the second desired condition. Also

Voss =Vass +Vos: (11)
Vess =Vosz ~Vos: (12)
Vst =Vess +Vosz (13)
Vesa =Vios: —Voss (14)

When the input current ranges from low to high value, the input & output device remains in saturation mode
due to the charge developed by pull up resistor (MP) whereas there is variation in their respectiveV,, . Under the
case, when V., <V, then (12) becomes positive which force MN3 to be in saturation mode whereas (14)
becomes negative which makes MN4 in cut-off mode. This difference of voltage is compensated with the feedback
which raises the input voltage to be equal to output voltage. Similarly, for the case when V¢, >V, then (12)
becomes negative which force MN3 to be in cut-off mode whereas (14) becomes positive which makes MN4 in

saturation mode and the feedback raises the output voltage to be equal to input voltage (V,s, =V, ) - The drain-to-

source current (1,,) for MN1, MN2, MN3, & MN4 in saturation mode is given as

1 W 2
Ioss = = #,Co, (_j (VQFG _Vth) (15)
2 L,
1 W 2
Iosz = = #,Co, (_j (VQFG _Vth) (16)
2 L/,
1 " 2
loss =7 #,Cox (_j ((VDSZ _VD81)_Vth) 17)
2 L/,
1 W 2
Iosa E/uncox [Tj ((V051 —Vos2 ) _Vth) (18)
4
From Fig. 6,
Ios1 = lin + 1os3 = Ipss (19)
Iin = ID81+(IDS4_IDS3) (20)
IDSZ = Iout + IDSA - IDSB (21)
ot = lpsa _(IDSA - IDS3) (22)
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Under assumption of no channel length modulation, and each transistor having identical aspect ratio

HERERTES

2

Lose = loss = K (Voss =Voss —Vin )" =K (Vss ~Vis: —Var) (23)
Solving, (Vps; =Vos2 )

Loss — loss = 4KkVy, (Vs —Vips: ) (24)
Putting (24) in (20) & (22),

Ly =K (Vore —Van )" +4KViy (Vos, ~Vis,) (25)
Lo = K(Vore —Vin )" —4KVy, (Vs —Vos,) (26)
Solving (25) & (26)

Ly = low = 8KV, (Vs> —Vips: ) (27)

Using nodal analysis on input & output terminals of Fig. 3 and solving for (1, —1,,),

|1 = Vos_Vosz (28)

rdsl r-d52
Equalizing (27) and (28),

V V

8kVth (VDSZ _V051) =5 D82 (29)
rdsl rdsz
1 1
(— +8kV,, jVDSl = [— +8kV,, jvosz (30)
rdsl ds2
. 1
Since 8kV, <<—
Mis1,2
V051 = VDS 2 (31)

Hence, the desired condition of accuracy is achieved. This relation holds true for high value to current range.
For example, in this paper the simulation has been performed to 500 micro amperes range which can be further
validated for milli amperes range. The frequency analysis of proposed mirror is shown in Fig. 4. Here, the
transistors are assumed to be in saturation region having infinite small-signal output resistance. Since, MP1 is in

cut-off region, the parasitic capacitances associated are neglected.
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Fig 4. High frequency model of Proposed CM

Iin = gle3 + S<ng1 +C1 )Vl3 + (ng + gm4 )Vlz + S(C +Cgs4 )Vlz (32)

gs3

Iout = gm2V3 + Sng 2V23 _(gm3 + gm4 )Vlz -3 (Cgs3 + Cgs4 )Vlz (33)

Let 1, =((Gns + O )+ 5(Ces + Cea ) Vs, then

gs3

iy = GpaVs +5(Coy +C, Vi +1, (34)
Lot = OmaVa +SC Vo5 — 1 (35)
Also, applying nodal analysis at node 3,

$(Cyey + Cyep + Cogp )V +5Cy Vi +5(Cygy +C, Vg =0 (36)
$(Cya +Cy Vs +5Cy4,Vs5 = 5(Cogy + Coep + Cyp Vs (37)
iy + Loy = GpVs +5(Cogy +Cy Vi + G Vs +5Cyy Vo (38)
iy + Loy = GV + GV +5(Coy +Cop + Co )Va (39)
v, = [ (40)

(Ot + 92 )+ S(Cgsl +Cye +ngp)

From (34) as |, increases by I, , there is corresponding decrease in 1, by I, but as these variations do not

out X

affect (40) the output current keep tracking input current.

IV SIMULATION RESULTS

The proposed CM circuit simulation is carried out using 0.18 micron technology, BSIM3, Level 49 with the
help of HSpice simulator. The current mirror runs on single volt supply of 0.5V. The accuracy of circuit is verified

for 0 to 1000 1A range. The W/L ration of each transistor is shown in table 1.
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Table 1: W and L of MOS transistors in proposed CM

Transistor w (#m) L (um)
MN1 20 0.24
MN2 20 0.24
MN3 0.24 0.24
MN4 0.24 0.24

MP 0.24 0.24

C1=1pf, Vdd=0.5V

The transfer characteristic (1,,/l,,) under inputas DC current from 0 to 1000uA is shown in Fig. 5 and the

current transfer error is shown in Fig. 6. From both the figures it can be observed that the error in current transfer is

minimum for the proposed current mirror compared to simple current mirror. The frequency response in shown in

Fig. 7, where the bandwidth observed by proposed current mirror is 600MHz whereas the simple current mirror has

700MHz.

Output current (Lout) (A)

T T 1

2 s 63 B0l -

Input current (Tim) ()

Fig.5. Current transfer characteristics
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Fig.6: Error in current transfer characteristics
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Fig. 7. Frequency response

V CONCLUSION

Use of FGMOS and QFGMOS devices can be beneficial to improve performance in CMOS current mirror for
LV architectures. A novel wide bandwidth low power QFGMOS current mirror has been proposed in this paper.
The circuit features high current driving capability maintaining high accuracy for high input current. The frequency
response of proposed CM can be made even much better using the resistive compensation technique. The circuit

has been implemented using 0.18 twin-well process through HSpice simulator.
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