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ABSTRACT

In this paper we present a low voltage current mirror based
on clocked semi-floating-gate transistors used in low-voltage dig-
ital CMOS circuits [1]. By imposing offsets to semi-floating-gate
nodes the current level may be increased while maintaining a very
low supply voltage. The offset voltages are used to shift the effec-
tive threshold voltage of the evaluating transistors. The proposed
current mirror can operate at supply voltages below 200mV. Two
different current mirrors are described; the common gate- and the
split gate current mirror. The simulated data presented are obtained
using the Spectre simulator provided by Cadence and valid for a
90nm CMOS process.

I. INTRODUCTION

The operation of analog circuits at ultra low supply voltages
(ULV) becomes necessary due to semiconductor technology scal-
ing [2]. As supply voltages are forced down by digital constraints,
new circuit techniques must evolve to preserve the precision of
analog functions in a mixed-signal system. The gate oxide thick-
ness becomes only a few nanometers and the supply voltage has to
be reduced in order to ensure device reliability. In order to main-
tain maximum dynamic range, a low voltage analog circuit must
be able to deal with signal voltages that extend from rail-to-rail.
This requires traditional circuit solutions to be replaced by new
circuit design strategies.

Low supply voltages put an upper limit on the number of gate-
source voltages and saturation voltages which can be stacked. The
lowest supply voltage can be obtained by biasing MOS transistors
in weak inversion, since this gives the smallest gate-source voltage
for a given transistor.

An important factor concerning analog circuits is that the thresh-
old voltages of future standard CMOS technologies are not antic-
ipated to decrease much below what is available today. It is nec-
essary that the analog power supply be at least equal to the sum
of the magnitudes of the n-channel and p-channel thresholds. This
implies that low voltage analog circuits are incompatible with the
CMOS technology trends of the future. The challenge is to develop
circuit techniques that are compatible with future standard CMOS
technology trends [3]. As CMOS process technologies improve,
allowable supply voltages are reduced.

Floating-gate (FG) gates have been proposed for ultra low volt-
age (ULV) and low power (LP) logic [4]. However, in modern
CMOS technologies there are significant gate leakages which un-
dermine non-volatile FG circuits. FG gates implemented in a mod-
ern CMOS process require frequent initialization to avoid signifi-
cant leakage. By using floating capacitances to the transistor gate
terminals the semi-floating-gate (SFG) nodes can have a different
DC level than provided by the supply voltage headroom [4]. There
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are several approaches to FG CMOS logic [5][6][7]. The gates
proposed in this paper are influenced by ULV non-volatile FG cir-
cuits [8] and recharge logic [9].

Volatile ULV FG digital CMOS logic has been presented [1][10]
and the initialization technique is used in this paper to explore ULV
analog design. Although the recharge scheme was described for
binary ULV logic the same scheme may be applied to analog ULV
circuits as well. The current level may be increased compared to
the current level determined directly by the supply voltage.

In section II the clocked semi floating gate (CSFG) transistors
are presented. The CSFG common gate - and split gate current
mirrors are described in section III. Simulated data for the current
mirrors are included.

II. CSFG TRANSISTOR
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Fig. 1. nMOS and pMOS clocked semi-floating-gate
(CSFG) transistors. The recharge transistors are drawn
vertically and the evaluate transistors are drawn hori-
zontally.

The clocked semi floating gate (CSFG) transistors are shown
in Fig. 1. The recharge transistors are drawn vertically and the
evaluate transistors are drawn horizontally. By powering up the
gate to source voltages in an initialization phase we are able to
reduce the supply voltage without decreasing the ON current pro-
vided by the enhanced transistors. The aim is to maintain a high
current level combined with a very low supply voltage. The en-
hancement can be viewed as an active threshold voltage shift. Note
that the recharge transistor and the evaluate transistor are clocked
by inverse signals witch will, to some degree, reduce the capaci-
tive noise imposed on the semi-floating-gate. In order to reduce
the charge injection we may add a dummy recharge switch. The
noise imposed through parasitic capacitances and charge injection
may be reduced by a symmetrical, i.e. quasi differential, design
approach.

The ULV logic, i.e. an inverter, in recharge and evaluate mode
is shown in Fig. 2. The ulv gate operation is characterized by:

1038


LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight

LENOVO
Highlight


'y
7k

‘Cinn
T TE
En Voo/2  Vin " Vout
y
L Ep Ep
=
Cinp

ﬁ
— ¥

a) Recharge b) Evaluate

Fig. 2. Simplified ultra low-voltage semi-floating-gate
recharge logic in a) recharge mode and b) evaluate
mode.

« Recharge. The simplified ULV inverter in recharge mode is
shown in Fig. 2 a). The nMOS floating-gate is recharged to Vpp
and the pMOS floating-gate is recharged to Vs = gnd while the
output and input are precharged to Vpp/2 = (Vbp — Vss)/2.
The output will be forced to Vpp/2 due to a reversed biased in-
verter.

« Evaluate. The simplified ULV inverter in evaluate mode is
shown in Fig. 2 b). The output will be pulled to Vpp if a neg-
ative transition, AV;, = —Vpp/2 , occurs and to Vsg if there is
a positive transition, AV;, = Vpp/2, applied at the input.

III. CSFG CURRENT MIRROR

In this section two ultra low-voltage CSFG current mirrors are
presented.

III-A. Common gate current mirror

The CSFG current mirror is shown in Fig. 3 has a common
semi floating-gate. In addition to the current mirror two CSFG
pMOS transistors are included, one providing an input current and
one pMOS acting as a typical load. Note that with the two CSFG
pMOS transistors we obtain two ULV gates, as shown in Fig. 4 that
will recharge close to Vpp /2. In a typical analog circuit the volt-
age headroom of the internal nodes, i.e. V;, and Vo4, is limited
by the supply voltage and the saturation voltage of the transistors.
In practice this means that the voltage headroom may be expressed
as

Viimie = Vbbb — 2Vsat.
If Vsat = 50mV and Vpp = 250mV then Vijmir = 150mV
which yields a dynamic voltage range of 50mV to 200mV and
a dynamic range for the transistor currents equal to 1 - 1075 A to
3-1077A. The CSFG transistors offer a way to circumvent the
limitation of the currents for ultra low supply voltages. By recharg-
ing the semi floating-gates to Vpp for the nMOS transistors and
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Fig. 3. CSFG common gate current mirror with minimum
sized transistors.
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Fig. 4. CSFG common gate current mirror in a evaluate
mode and b recharge or initialization mode.

gnd for the pMOS transistors and assume a supply voltage equal
to 250mV the dynamic current range is changed to 3 - 1077 A to
3-107°A.

In the initialization phase the floating-gate is recharged to Vpp
while the input V,, and output Vi, are recharged to Vpp /2. If
the transistors are not matched the input and output voltages may
be slightly different, which may give rise to different currents. The
noise imposed, i.e. through parasitic capacitances and charge in-
jection, will affect both evaluate transistors and the relative cur-
rents are not altered.

The two transistors constituting the current mirror shares a com-
mon input capacitor and the semi floating-gate. In this case the two
transistors will be equally biased assuming that the drain voltages
are equal. In the recharge phase (Fig. 2 b)) the output and in-
put terminals will be driven to approximately Vpp/2 assuming a
normal load of a pMOS CSFG transistor.

The CSFG common gate current mirror is simulated using
spectreS and the result is shown in Fig. 5. The supply volt-
age Vpp is equal to 175mV and the voltage range is 45mV to
130mV. The input Vj, is swept from Vpp/2 to gnd. The cur-
rent range is 2 - 1078 A to 6 - 10~ 7 A which offers a higher current
level compared to an unbiased current mirror witch will be able to
operate at a current level of 9-107° A to 9 - 10~ A. Note that the
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Fig. 5. CSFG common gate current mirror with minimum
sized transistors. The input Vi, is swept from Vpp /2
to gnd. The supply voltage Vpp = 175mV and the
voltage range is 4bmV to 130mV. The current range
is2-1078A to 6 - 10~7 A which offers a higher current
level compared to an unbiased current mirror witch will
be able to operate at a current level of 9 - 107°A to
9-107%A.

recharge phase leaves all inputs close to Vpp /2, while the ntMOS
semi floating-gate node is equal to Vpp and the PMOS floating-
gates are set to gnd. The recharge frequency is 100MHz which
will secure a minimal leakage. It is evident that the leakage cur-
rents of the semi floating gates are neglectable due to the frequent
recharge. However, the current mirror will not provide an output
current equal to the input current due to the inherent finite input
and output resistances or Early effect.

In the evaluation phase the currents can be approximated by the
simple models, assuming weak inversion

Vv

I = [r'ekl(vl_ PzD),(l_F)\(Vl_%))
V]

I = ]rlekl(vlf DzD),(1+A<Vout7%))’

where k1 = (Cinn/Cr) - (1/nUr), Cr is the total capacitance
seen by the floating-gate, Cinn = Cinni = Cinn2, Ur is the
thermal voltage, n is the slope factor and I.. is the current running
through the transistors when Vi = Vpp/2. The current level, i.e.
I, is determined by the offset applied in the initialization phase. In
this case the current level I is equal to the current running through
a transistor assuming a gate to source voltage equal to the supply
voltage. We may express the relative current, .2 /1.1 or deviation
assuming that Vot = Vpp — Vi

[e2 _ 1+A(VDTD7‘/1)
Lo 14X (vi-Yg2)

The Vi and Vi, will be “inverse” due to the inverting property
of CMOS gates. By maximizing the output resistance, assuming

Current mirror, split gate

jﬂf WE

Cinn 4) —_—
‘T T | T T

Ie1 i ) Ie2
Vi _ In Tout _

oW L L L™

Fig. 6. CSFG split gate current mirror with minimum sized
transistors.

long transistors, the inaccuracy may be reduced. More advanced
current mirror configurations are not suitable for CSFG design.
The large deviation between the input and output currents seen
in Fig. 5 is due to a very large channel length modulation fac-
tor (A = 5.7). The deviation may be reduced by increasing the
transistor length at the expense of reduced current and increased
capacitances.

III-B. Split gate current mirror

By separating the gate terminals of the transistors as shown in
Fig. 6 we obtain the split gate CSFG current mirror. The gate ter-
minals are recharged by two separate recharge transistors. More
interestingly, the transistors do not share a common input capac-
itor. An advantage of the split gate approach is an increase in
transconductance due to less capacitance associated with the float-
ing gates.

The input capacitors may be exploited to compensate for the in-
accuracy due to channel length modulation. By changing the rela-
tive capacitance of the input capacitors, Cinn1 and Cipn2 We may
compensate for the inaccuracy due to the Early effect. Assuming
that Vo ~ Vpp — V1 we may express the currents in the evaluation
phase Ic1 and I as

V

1, (-8R (142 (vi- —VgD))
V,

[T.ek2(vl_—gD) . (1_|_)\ (% _ V1)) ,

We may exploit k1 and k2 to minimize the inaccuracy of the cur-
rent mirror by solving the equation Ico = 1

1 1+)"VDTD
n v
DD
1=\ —5

Vbp
2

Iel

162

Ieo = Ia

ko

Q

ki +
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Fig. 7. CSFG inverter with minimum sized transistors. The
input Vi, is swept from Vpp /2 to gnd. Cipna = 6fF,
and Cipn1 = 2fF and Vpp = 0.175V. Compared to
the common gate the accuracy is significantly improved
without increasing the transistor length.

Cinn2 = Cinn1 +CrnUr -

which for VDD = 0.175V, )\ = 5.7, Cinnl = QfF, CT = GfF
and n = 2 yields Cinn2 = 6fF'. The increased transconductance
of the output transistor compensates for the output conductance of
both transistors. If the current mirror operates in strong inversion
the capacitance Cjnn2 needs to be increased furthermore due to the
reduced relative transconductance g,,/I. The split-gate current
mirror will be recharged or initialized in the same manner as the
common gate current mirror shown in Fig. 4.

The CSFG split gate current mirror is simulated using spectresS
and the result is shown in Fig. 7. The input Vi, is swept from
Vbop/2 = 88mV to gnd. Compared to the common gate the
accuracy is significantly improved without increasing the transistor
length. As expected the output current shows much less deviation
from the input current. The actual precision is dependent on the
matching of the capacitors.

IV. CONCLUSION

We have presented a ultra low-voltage current mirror based on
a ultra low-voltage digital logic style. Clocked semi floating gate
transistors are used to provide current mirrors operating at sup-
ply voltage close to or even below the inherent threshold voltage
of a advanced CMOS process. The current mirror is recharged
or initialized in the same way as ULV digital logic [1]. We have
presented a split-gate current mirror which exploit relative capac-
itances to compensate for inaccuracy due to channel length mod-
ulation. Simulated data are provided valid for a 90nm CMOS
process.
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