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DIFFERENTIAL AMPLIFIER CIRCUIT

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a differential ampli-
fier circuit which is mounted on a semiconductor device.
[0003] Priority is claimed on Japanese Patent Application
No. 2009-083564, filed Mar. 30, 2009, the content of which is
incorporated herein by reference.

[0004] 2. Description of the Related Art

[0005] Inasemiconductor device which is represented by a
DRAM (Dynamic Random Access Memory) or the like, in
orderto realize a high-speed operation, a minute voltage from
amemory cell onto a bit line is amplified to a CMOS level by
a differential amplifier circuit, such as a sense amplifier or a
data amplifier, and data is finally read out outside of the
apparatus.

SUMMARY

[0006] In one embodiment, a differential amplifier circuit
may include, but is not limited to, a plurality of differential-
pair transistors, a plurality of current addition transistors, a
latch, and a control transistor. The plurality of differential-
pair transistors has gate electrodes that receive differential
input signals respectively. Different potentials of the difter-
ential input signals represent a piece of information. The
plurality of current addition transistors are connected in par-
allel to the plurality of differential-pair transistors, respec-
tively. The latch is connected to the plurality of differential-
pair transistors. The latch is connected to the plurality of
current addition transistors. The latch holds amplified data
which have been generated by amplifying the plurality of
differential input signals. The latch has a plurality of differ-
ential outputs. The plurality of differential outputs is related
to the amplified data. The plurality of differential outputs
corresponds to the differential input signals respectively. The
control transistor is connected to the plurality of differential-
pair transistors. The control transistor is connected to the
plurality of current addition transistors. The control transistor
receives an activation initiation signal. The plurality of cur-
rent addition transistors are transitioned into electrically con-
ductive state either in a period of time from initiation of
amplification operation of the differential amplifier circuit by
transitioning the control transistor into an electrically con-
ductive state to increasing a differential voltage to cause
inversion of one of the plurality of differential outputs of the
latch, or at the same time when the amplification operation is
initiated.

[0007] Inanother embodiment, a differential amplifier cir-
cuit may include, but is not limited to, a differential input
circuit; and a latch. The differential input circuit may include,
but is not limited to, first, second, third and fourth transistors
and a control transistor. The first and second transistors have
gate electrodes that receive differential input signals respec-
tively. Different potentials of the differential input signals
represent a piece of information. The control transistor is
connected in series to the first differential-pair transistor. The
control transistor is connected in series to the second differ-
ential-pair transistor. The control transistor receives an acti-
vation initiation signal. The third and fourth transistors are
connected in parallel to the first and second transistors. The
latch may include, but is not limited to, first and second
inverters having gates and outputs which are cross-coupled to
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each other. The first and second inverters have a plurality of
differential outputs having a differential voltage greater than
a differential voltage of the plurality of differential input
signals, related to the plurality of differential input signals.
The first and second inverters output the plurality of differ-
ential outputs after operations of the first and second invert-
ers. The first and second inverters have sources which are
connected in series to a plurality of outputs of the differential
input circuit. The plurality of outputs of the differential input
circuit corresponds to the plurality of differential input sig-
nals. The third and fourth transistors are transitioned into
electrically conductive state either in a period of time from
initiation of amplification operation of the first and second
transistors by transitioning the control transistor into an elec-
trically conductive state to increasing a differential voltage to
cause inversion of one of the plurality of differential outputs
of the latch, or at the same time when the amplification
operation is initiated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The above features and advantages of the present
invention will be more apparent from the following descrip-
tion of certain preferred embodiments taken in conjunction
with the accompanying drawings, in which:

[0009] FIG.1is a circuit diagram of a differential amplifier
circuit according to an embodiment of the invention;

[0010] FIGS. 2A and 2B are timing charts showing ampli-
fication operations of the differential amplifier circuit in FIG.
1

[0011] FIG. 3 is a diagram illustrating waveforms in which
the differential output signals of the known differential ampli-
fier circuit and the differential amplifier circuit of an embodi-
ment are plotted on the same graph;

[0012] FIG. 4 is a circuit diagram of a differential amplifier
circuit according to another embodiment of the invention;
[0013] FIGS. 5A and 5B are a timing chart showing an
amplification operation of the differential amplifier circuit of
FIG. 4,

[0014] FIG. 6 is a circuit diagram of a differential amplifier
circuit according to yet another embodiment of the invention;
[0015] FIGS. 7A and 7B are timing charts showing ampli-
fication operations of the differential amplifier circuit in FIG.
6,

[0016] FIG. 8 is a circuit diagram of a differential amplifier
circuit of the related art; and

[0017] FIGS. 9A and 9B are timing charts showing an
amplification operation of the differential amplifier circuit of
FIG. 8.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0018] AsshowninFIG. 8, adifferential amplifier circuit of
the related art includes a latch which has two cross-coupled
inverters between a high-potential power source (VDD)and a
low-potential power source (VSS), differential-pair transis-
tors (Mn0 and Mnl) to which differential input signals are
input, and a control transistor (Mn2).

[0019] InFIG. 8, in the differential amplifier circuit, after a
differential voltage is generated between the differential input
signals (INO and IN1), the control transistor is turned on to
cause a difference in the current flowing in the differential-
pair transistors and to cause a difference in the voltage level
between differential outputs (Out0 and Outl) in accordance
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with the differential input signals. The latch amplifies one of
the differential outputs to the voltage level of the high-poten-
tial power source and the other differential output to the
voltage level of the low-potential power source, and latches
(holds) the logic levels of the differential outputs during a
period in which the control transistor is turned on.

[0020] The above-described differential amplifier circuit
and the improved differential amplifier circuit are disclosed in
JP-A-10-3791, JP-A-2007-116722 (U.S. Pat. No.
5,502,680), JP-A-2003-323800, U.S. Pat. No. 5,508,644, and
U.S. Pat. No. 5,192,878.

[0021] The differential amplifier circuits described in those
publications have reduced amplification speeds. The reduc-
tion in amplification speed can be due to the reduction in
voltage of the high-potential power source or reduction in
voltage of the differential input signals.

[0022] Thereason why the amplification speed is delayed is
that transistors constituting the latch, the differential-pair
transistors, and the control transistor are connected to each
other in series between the output node of the differential
amplifier and the low-potential power source, so there is
lowered the drive ability of the transistors constituting the
latch and the differential-pair transistors involved in the
amplification operation. In addition, the drive ability of the
transistors becomes lowered due to a threshold voltage Vt
which is erroneously increased for each of the transistors
constituting the latch and the differential-pair transistors
involved in the amplification operation in manufacturing pro-
cesses of a semiconductor device. Such erroneous increase in
the threshold voltage Vt also delays the amplification speed.
Accordingly, the differential signals that are input to the dif-
ferential-pair transistors are at low voltage, so the differential
amplifier circuit can no longer perform the amplification
operations.

[0023] The differential amplifier circuit shown in FIG. 2 of
JP-A-10-3791 is the differential amplifier circuit which is
described in the background art, and the above-described
problem is not solved.

[0024] In the differential amplifier circuit shown in FIG. 2
of JP-A-2007-116722 (U.S. Pat. No. 5,502,680), the control
transistor, the differential-pair transistors, and the latch are
connected in these orders between the high-potential power
source (VDD) and the low-potential power source (VSS), and
bypass transistors are provided between the control transistor
and the latch to correspond to the differential-pair transistors.
The bypass transistors are turned on later than the signal input
to the gate terminal of the control transistor.

[0025] However, the bypass transistors are transistors are
provided to set the H-level node of the latch at the voltage
level of the high-potential power source. In other words, the
bypass transistors are transistors for realizing the CMOS
output voltage. Before the bypass transistors are turned on,
the amplification operation is already completed. Accord-
ingly, such differential amplifier circuits are not substantially
improved in the amplification speed.

[0026] The differential amplifier circuit shown in FIG. 7 of
JP-A-2003-323800 is configured such that a transistor is con-
nected in parallel to each of the differential-pair transistors in
the differential amplifier circuit described in the background
art. Then, the parallel-connected transistor is turned on later
than the signal input to the gate terminal of the control tran-
sistor. However, the parallel-connected transistor is provided
to maintain the latch state of the latch when the gate voltage of
each of the differential-pair transistors is inactivated or ini-
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tialized. Before the parallel-connected transistor is turned on,
the amplification operation has already been completed.
Accordingly, the differential amplifier circuit is not substan-
tially improved in the amplification speed.

[0027] The differential amplifier circuit shown in FIG. 1 of
U.S. Pat. No. 5,508,644 is configured such that a transistor is
connected in parallel to the control transistor in the differen-
tial amplifier circuit described in the background art, Then,
the parallel-connected transistor has a gate terminal fixedly
connected to the high-potential power source. The parallel-
connected transistor causes a micro current to constantly flow
in the differential amplifier circuit such that the differential
amplifier circuit is in the operation state. It is necessary to
reduce the driving ability of the transistor so as to suppress the
micro current through it, there is a further increase in the
resistance value of the transistors constituting the latch, the
differential-pair transistors, and the control transistor which
are connected in series between the output node of the differ-
ential amplifier and the low-potential power source. The
amplification speed can not be increased. For this reason,
reduction in voltage of the differential input signals makes it
impossible to solve the problem with the amplification speed
delay. That is, such an improved differential amplifier circuit
is not substantially improved in the amplification speed.
[0028] The differential amplifier circuit shown in FIG. 5 of
U.S. Pat. No. 5,192,878 is a differential amplifier circuit in
which an additional transistor is further provided between the
output node of the differential amplifier of the latch and the
low-potential power source in the differential amplifier cir-
cuit described in the background art. Then, the gate terminal
of'the additional transistor is controlled by inverters 31 and 32
to which the output node of the differential amplifier is input.
However, the additional transistor is not involved in the
amplification operation until the voltage level of one of the
differential outputs becomes the voltage level lower than the
logical threshold value of the inverter, so the problem regard-
ing improvement in the amplification speed can not be solved.
[0029] As described above, in the differential amplifier cir-
cuit of the related art, with reduction in voltage of the high-
potential power source or reduction in voltage of the differ-
ential input signals, it is not impossible to solve the problem
of'the amplification speed being delayed, and the problem of
the amplification speed being delayed when the threshold
voltage Vt of each of the transistors constituting the latch and
the differential-pair transistors involved in the amplification
operation is significantly deviated in the manufacturing pro-
cess of the semiconductor device.

[0030] The invention will be now described herein with
reference to illustrative embodiments. Those skilled in the art
will recognize that many alternative embodiments can be
accomplished using the teaching of the present invention and
that the invention is not limited to the embodiments illustrated
for explanatory purpose.

[0031] In one embodiment, a differential amplifier circuit
may include, but is not limited to, a plurality of differential-
pair transistors, a plurality of current addition transistors, a
latch, and a control transistor. The plurality of differential-
pair transistors has gate electrodes that receive differential
input signals respectively. Different potentials of the differ-
ential input signals represent a piece of information. The
plurality of current addition transistors are connected in par-
allel to the plurality of differential-pair transistors, respec-
tively. The latch is connected to the plurality of differential-
pair transistors. The latch is connected to the plurality of
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current addition transistors. The latch holds amplified data
which have been generated by amplifying the plurality of
differential input signals. The latch has a plurality of differ-
ential outputs. The plurality of differential outputs is related
to the amplified data. The plurality of differential outputs
corresponds to the differential input signals respectively. The
control transistor is connected to the plurality of differential-
pair transistors. The control transistor is connected to the
plurality of current addition transistors. The control transistor
receives an activation initiation signal. The plurality of cur-
rent addition transistors are transitioned into electrically con-
ductive state either in a period of time from initiation of
amplification operation of the differential amplifier circuit by
transitioning the control transistor into an electrically con-
ductive state to increasing a differential voltage to cause
inversion of one of the plurality of differential outputs of the
latch, or at the same time when the amplification operation is
initiated.

[0032] In some cases, each of the gates of the plurality of
current addition transistors may be coupled to a delayed sig-
nal that is generated by delaying the activation initiation
signal with a predetermined time, so as to add a predeter-
mined current to respective currents flowing through the plu-
rality of differential-pair transistors.

[0033] In some cases, each of the gates of the plurality of
current addition transistors may be coupled to a predeter-
mined voltage, the predetermined voltage is either one of a
higher power voltage and a lower power voltage or a potential
between the higher power voltage and the lower power volt-
age.

[0034] In some cases, the gates of the plurality of current
addition transistors may be coupled to nodes of the plurality
of differential outputs having the same phase as the plurality
of differential input signals respectively.

[0035] Insome cases, the plurality of differential-pair tran-
sistors and the plurality of current addition transistors may be
coupled between one of a higher power voltage and a lower
power voltage and other of the higher power voltage and the
lower power voltage, the other being applied to the latch.

[0036] In some cases, the latch may include, but is not
limited to, first and second inverters have gates and outputs
which are cross-coupled to each other. The plurality of dif-
ferential-pair transistors and the plurality of current addition
transistors are connected in parallel to each other. Each of the
plurality of differential-pair transistors is connected in series
between a higher power voltage and a lower power voltage.
Each of the plurality of current addition transistors is con-
nected between the higher power voltage and the lower power
voltage.

[0037] Insome cases, the plurality of differential-pair tran-
sistors and the plurality of current addition transistors may be
connected in parallel to each other. The plurality of differen-
tial-pair transistors and the plurality of current addition tran-
sistors, the first and second inverters and the control transistor
may be connected in series between the higher power voltage
and the lower power voltage.

[0038] Insome cases, the plurality of differential-pair tran-
sistors and the plurality of current addition transistors may be
connected in parallel to each other. The plurality of differen-
tial-pair transistors and the plurality of current addition tran-
sistors, the first and second inverters and the control transistor
may be connected in series between the higher power voltage
and the lower power voltage.
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[0039] Insome cases, the plurality of differential-pair tran-
sistors and the plurality of current addition transistors may be
field effect transistors of the same conductivity type.

[0040] In some cases, the control transistor may be a field
effect transistor of the same conductivity type as the plurality
of differential-pair transistors and the plurality of current
addition transistors.

[0041] Insome cases, the first inverter may be a transistor of
a first conductivity type. The second inverter may be a tran-
sistor of a second conductivity type. One of the transistors of
the first conductivity type and the second conductivity type is
the same conductivity type as the plurality of differential-pair
transistors and the plurality of current addition transistors.

[0042] Inanother embodiment, a differential amplifier cir-
cuit may include, but is not limited to, a differential input
circuit; and a latch. The differential input circuit may include,
but is not limited to, first, second, third and fourth transistors
and a control transistor. The first and second transistors have
gate electrodes that receive differential input signals respec-
tively. Different potentials of the differential input signals
represent a piece of information. The control transistor is
connected in series to the first differential-pair transistor. The
control transistor is connected in series to the second differ-
ential-pair transistor. The control transistor receives an acti-
vation initiation signal. The third and fourth transistors are
connected in parallel to the first and second transistors. The
latch may include, but is not limited to, first and second
inverters having gates and outputs which are cross-coupled to
each other. The first and second inverters have a plurality of
differential outputs having a differential voltage greater than
a differential voltage of the plurality of differential input
signals, related to the plurality of differential input signals.
The first and second inverters output the plurality of differ-
ential outputs after operations of the first and second invert-
ers. The first and second inverters have sources which are
connected in series to a plurality of outputs of the differential
input circuit. The plurality of outputs of the differential input
circuit corresponds to the plurality of differential input sig-
nals. The third and fourth transistors are transitioned into
electrically conductive state either in a period of time from
initiation of amplification operation of the first and second
transistors by transitioning the control transistor into an elec-
trically conductive state to increasing a differential voltage to
cause inversion of one of the plurality of differential outputs
of the latch, or at the same time when the amplification
operation is initiated.

[0043] In some cases, each of the gates of the third and
fourth transistors is coupled to a delayed signal that is gener-
ated by delaying the activation initiation signal with a prede-
termined time, so as to add a predetermined current to respec-
tive currents flowing through the first and second transistors.
[0044] In some cases, each of the gates of the third and
fourth transistors is coupled to a predetermined voltage. The
predetermined voltage is either one of a higher power voltage
and a lower power voltage or a potential between the higher
power voltage and the lower power voltage.

[0045] In some cases, the gates of the third and fourth
transistors may be coupled to nodes of the plurality of differ-
ential outputs having the same phase as the plurality of dif-
ferential input signals respectively.

[0046] In some cases, the gates of the third and fourth
transistors may be connected to nodes of the plurality of
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differential outputs controlled at a predetermined high poten-
tial before the first and second transistors perform amplifica-
tion operations.

[0047] In some cases, the first, second, third and fourth
transistors may be field effect transistors of the same conduc-
tivity type.

[0048] In some cases, the control transistor may be a field
effect transistor of the same conductivity type as the first,
second, third and fourth transistors.

[0049] Insome cases, the first inverter may be a transistor of
a first conductivity type. The second inverter may be a tran-
sistor of a second conductivity type. One of the transistors of
the first conductivity type and the second conductivity type is
the same conductivity type as the first, second, third and
fourth transistors.

[0050] In some cases, the first inverter is a transistor of a
first conductivity type, the second inverter is a transistor of a
second conductivity type. One of the transistors of the first
conductivity type and the second conductivity type is the
same conductivity type as the first, second, third and fourth
transistors.

[0051] A representative example of the technical idea for
solving the above-described problem will be described
below. Needless to say, the scope of the invention is not
limited to the technical idea but is defined by the appended
claims.

[0052] For example, a case is considered where the differ-
ential output signals of the differential amplifier circuit are
OUTT and OUTB, and the difference between the voltage
levels OUTT and OUTB is amplified by an NMOS transistor
MnT and an NMOS transistor MnB which are cross-coupled
in the latch. The NMOS transistors MnT and MnB are con-
nected to each other in series through NMOS transistors
MnBT (having a differential input signal INT as an input) and
MnBB (having a differential input signal INB as an input) as
differential-pair transistors and common connection points
JT and JB, and the source terminals of the differential-pair
transistors are commonly connected to the control transistor.
When the condition “voltage level of differential input signal
INT>voltage level of differential input signal INB” is satis-
fied, amplification is carried out such that the condition “volt-
age level of differential output signal OUTT<voltage level of
differential output signal OUTB” is satisfied.

[0053] However, when the voltage levels of the differential
input signals are low, for example, to be close to the threshold
voltage level of each of the differential-pair transistors, volt-
age drop of the connection point JT or IB is remarkably
moderate, as compared with a case where the differential
input signals are high, and as a result, the transistors of the
latch carry out amplification moderately.

[0054] Accordingly, a differential amplifier circuit accord-
ing to the invention is to meet demands for a high-speed
operation even when the voltage levels of the differential
input signals are lowered close to the threshold voltage level.
[0055] Thatis, the differential amplifier circuit of the inven-
tion is to improve precision and an operation point of the
differential amplifier circuit, and the technical idea of the
invention resides in that a current addition transistor is con-
nected in parallel to the differential-pair transistors, and an
addition current, referred to as “base-up current”, in the
amplification operation is added with respect to the differen-
tial-pair transistors.
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[0056] Hereinafter, embodiments of the invention will be
described in detail with reference to the accompanying draw-
ings.

First Embodiment

[0057] FIG.1is a circuit diagram of a differential amplifier
circuit according to an embodiment of the invention.

[0058] InFIG. 1, reference numeral VDD denotes a voltage
level of a high-potential power source, reference numeral
VSS denotes a voltage level of a low-potential power source,
reference numeral EN denotes an activation initiation signal
(amplification initiation signal EN) of the differential ampli-
fier circuit, reference numerals INO and IN1 denote differen-
tial (complementary) input signals, and reference numerals
OUTO0 and OUT1 denote differential output signals. As
shown in FIG. 1, the differential amplifier circuit according to
the embodiment of the invention includes PMOS transistors
Mp0 to Mp4, NMOS transistors Mn0 to Mné, and a delay
DLY.

[0059] The NMOS transistor Mn0 and the NMOS transis-
tor Mnl are differential-pair transistors having gate terminals
to which the differential input signal IN0O and the differential
input signal IN1 are input. The NMOS transistor Mn2 is a
control transistor having a gate terminal to which the ampli-
fication initiation signal EL (activation initiation signal)
which is changed from the voltage level of the low-potential
power source (hereinafter, referred to as L level) to the voltage
level of the high-potential power source (hereinafter, referred
to as Hlevel) at the time of the start of amplification. Although
in this embodiment, the differential-pair transistors (NMOS
transistor Mn0 and NMOS transistor Mn1) are commonly
connected to the drain terminal of the control transistor
(NMOS transistor Mn2), a control transistor may be provided
for each of the differential-pair transistors.

[0060] The PMOS transistor Mp0, the PMOS transistor
Mpl, the NMOS transistor Mn3, and the NMOS transistor
Mn4 form a latch which holds data of differential input sig-
nals INO which is input into the differential-pair transistor
(NMOS transistor Mn0), and data of differential input signals
IN1 which s input into the differential-pair transistor (NMOS
transistor Mn1). The latch includes first and second invertors
cross-coupled to each other. The first inverter includes the
PMOS transistor Mp0 and the NMOS transistor Mn3. The
second inverter includes the PMOS transistor Mp1 and the
NMOS transistor Mnd. The differential output signals OUTO
and OUT1 are output from the first and second inverters,
respectively. The differential output signals OUT0 and OUT1
are the differential outputs from the differential amplifier
circuit.

[0061] In the first and second inverters, the PMOS transis-
tor Mp3 and the PMOS transistor Mp4 which are respectively
connected in parallel to the PMOS transistors Mp0 and Mpl
are precharge transistors which are turned on when the ampli-
fication initiation signal EN is at L. level to pull up the difter-
ential output signals OUT0 and OUT1 to the voltage level
VDD of the high-potential power source. The PMOS transis-
tor Mp2 which is provided between the differential outputs
sets the differential output signals OUTO0 and OUT1 at the
same level when the amplification initiation signal EN is at [,
level, and suppresses occurrence of a voltage difference in the
differential outputs immediately before the start of amplifi-
cation.

[0062] The NMOS transistor Mn5 and the NMOS transis-
tor Mn6 which are respectively connected in parallel to the
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differential-pair transistors (NMOS ftransistor Mn0 and
NMOS transistor Mn1) are current addition transistors which
add the base-up current with respect to the differential-pair
transistors at the time of amplification. A delay signal END
which is obtained by delaying the amplification initiation
signal EN by the delay DLY is input to the gate terminals of
the NMOS transistor Mn5 and the NMOS transistor Mn6.
[0063] In the drawing, the differential amplifier circuit of
this embodiment includes transistors having the following
transistor constant, that is, W (channel width)/L. (channel
length). The NMOS transistors Mn3 and Mn4 constituting a
flip-flop of the latch have W/L=3 pum/0.1 um, the NMOS
transistors Mn0 and Mn1 constituting the differential-pair
transistors have W/L=2 um/0.1 um, the NMOS transistors
Mn5 and Mné constituting the addition current transistors
have W/L=0.5 um/0.1 um, and the NMOS transistor Mn2
constituting the control transistor has W/L=5 um/0.1 um. The
PMOS transistors Mp0 to Mp4 have W/L.=2.5 um/0.1 pum.
[0064] The relationship between the NMOS transistors
constituting the differential amplifier circuit is as follows:
[0065] (1) The relationship between the differential-pair
transistors and the current addition transistors, that is, the
relationship between the drain current of the NMOS transis-
tor Min0 and the drain current of the NMOS transistor Mn5 (or
the drain current of the NMOS transistor Mn1 and the drain
current of the NMOS transistor Mn6) is as follows. When no
base-up current flows, the voltage drop speed (discharge
speed) at a node N1 (the common connection point of Mn0
and Mn3) is in proportion to the drain current of the NMOS
transistor Mn0. If the gate voltage of the NMOS transistor
Mn0 is VG and the threshold voltage is Vt, the drain current
ID is in proportion to the square of (VG-V1), and thus the
discharge speed is in proportion to the square of (VG-V1).
Meanwhile, if the voltage level of the difterential input signal
is at the gate voltage (represented by VG') close to the thresh-
old voltage Vt, the discharge speed is in proportion to the
square of (VG'-V1).

[0066] If the discharge speed when the NMOS transistor
MnS5 having a channel width W5 in which the base-up current
flows is added to the NMOS transistor Mn0 having a channel
width WO is 1 times higher than the discharge speed when the
gate voltage before addition is VG, the gate voltage (repre-
sented by VG") of the NMOS transistor Mn5 is calculated by
(W5x(VG"=V1)*+WOx(VG'-V1)*): WOx(VG-Vt)*n:1.
Thus, the drain current of the NMOS transistor MnS5 is deter-
mined by the calculated gate voltage VG". That is, the rela-
tionship between the drain current flowing in the differential
input transistor (NMOS transistor Mn0) and the drain current
(base-up current) flowing in the current addition transistor
(NMOS transistor Mn5) is uniquely determined by a desired
speed ratio 1 set in advance with the power supply voltage
and the voltage levels of the differential input signals near the
threshold voltage as known values.

[0067] For example, in this embodiment, if the high-poten-
tial power supply voltage level of the differential amplifier
circuit is at 1.25 V, the voltage levels of the differential input
signals is at 0.68 V and 0.70 V, the channel length L of the
NMOS transistor is 0.1 pm, the channel width WO of the
NMOS transistor Mn0 is 2 um, and the channel width W5 of
the NMOS transistor Mn5 is 0.5 pum, the discharge speed can
be increased about two times, as compared with the discharge
speed with only the NMOS transistor Mn0.

[0068] (2) The relationship between the differential-pair
transistors, the current addition transistors, and the control
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transistor, that is, the relationship between the drain current of
the NMOS transistors Mn0 and Mn5 (or the NMOS transis-
tors Mnl and Mn6) and the drain current of the NMOS
transistor Mn2 is as follows. A source voltage is preferably
close to the voltage level of the low-potential power source
such that the NMOS transistor Mn2 does not become a bottle-
neck during the amplification operation, that is, the gate-
source voltage is sufficient when the NMOS transistors Mn0
and Mn5 draw current from the output node ofthe differential
amplifier of the latch through the node N1.

[0069] Accordingly, the magnitude of the drain current of
Mn2 should be an extent such that a current flowing in Mn0
and Mn5 can be sufficiently absorbed. For example, in this
embodiment, when the channel length L. of the NMOS tran-
sistor is 0.1 um and the channel widths W of the NMOS
transistors Mn0 and Mn5 are 2 um and 0.5 pum, the channel
width W of Mn2 is about 5 pm.

[0070] FIGS. 2A and 2B are timing charts showing ampli-
fication operations of the differential amplifier circuit in FIG.
1.

[0071] FIGS. 2A and 2B show current waveforms of main
nodes of the differential amplifier circuit which operates with
a power supply voltage 1.25 V and current waveforms in the
differential-pair transistors and the current addition transis-
tors. FIG. 2A shows waveforms when the voltage levels of the
differential input signals are at 0.70 V and 0.68 V close to the
threshold voltage (about 0.6 V). FIG. 2B shows waveforms
when the voltage levels of the differential input signals are at
1.2V and 1.0V close to the power supply voltage. Hereinat-
ter, the operation of the differential amplifier circuit will be
described with reference to FIG. 2A. FIG. 2B will be
described in comparison of the effects with the related art.
[0072] First, before the amplification start time t0, the volt-
age levels of all the nodes are in the initial state. The PMOS
transistors Mp2 to Mp4 are turned on to precharge the differ-
ential output signals OUT0 and OUT1 to 1.25 V.

[0073] Atthe time t0, the NMOS transistors Mn0 and Mn1
(differential-pair transistors) are not turned on, and the ampli-
fication operation does not start. If the amplification initiation
signal EN is at H level, the NMOS transistor Mn2 (control
transistor) is turned on, such that the node N0 is discharged,
and the voltage level is substantially changed to OV. Thus, the
gate-source voltages of the NMOS transistors Mn0 and Mn1
(differential-pair transistors) are respectively 0.7 V and 0.68
V and exceed the threshold voltage, the NMOS transistors
Mn0 and Mnl are turned on and respectively start to dis-
charge the nodes N1 and N2. At this time, the relationship
between the drain current [(Mn0) and I(Mn1) flowing in the
NMOS transistors Mn0 and Mn1 is [(Mn0)>I(Mn1) since the
difference in the gate voltage between the differential-pair
transistors is 20 mV. Thus, the node N1 is discharged at a
discharge speed higher than the node N2. In the current wave-
forms of the drawing, the gate-source voltage is substantially
identical, so it is shown that the peak current is about 50 pA
and there is no difference between both nodes, but the current
relationship is as described above.

[0074] Each of the NMOS transistors Mn3 and Mn4 con-
stituting the flip-flop in the latch is turned on if the source
voltage level drops, and the gate-source voltage exceeds the
threshold voltage level, and starts to drop the voltage levels of
the differential outputs. From the above-described current
relationship, the node N1 undergoes voltage drop earlier than
the node N2, so the NMOS transistor Mn3 is turned on earlier
than the NMOS transistor Mn4. Subsequently, the NMOS
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transistor Mn4 is also turned on, and the drain current flows in
both transistors in a state where the gate-source voltage is
close to the threshold voltage. Accordingly, a difference in the
gate-source voltage and the drain-source voltage between
both transistors is gradually generated, so a difference starts
to be generated between the voltage levels of the differential
outputs. It should be noted that both nodes (node N1 and node
N2)do notreach (exceed) the threshold voltages of the PMOS
transistors Mp0 and Mpl, so both nodes continue to drop
from a predetermined potential.

[0075] At the time ta, the delay DLY outputs the delay
signal END which is obtained by delaying the amplification
initiation signal EN. Thus, the drain current I[(Mn5) and
1(Mn6) flow (the base-up current flows) in the NMOS tran-
sistors Mn5 and Mn6 (current addition transistors), resistance
between the nodes NO and N1 and resistance between the
nodes N0 and N2 decrease, and voltage drops at the nodes N1
and N2 are accelerated. That is, a plurality of current addition
transistors are in the conduction state before the differential
voltage is released in a direction in which one of the differ-
ential outputs of the latch is inverted, and changes of both
nodes (one node and the other node) of the differential outputs
are accelerated, such that the PMOS transistor Mpl1 (or Mp0)
is accelerated to reach the threshold voltage.

[0076] The base-up current flows, such that in the NMOS
transistors Mn3 and Mn4 of the latch, the difference in the
gate-source voltage and the difference in the drain-source
voltage between both transistors increase. That is, the latch
further advances the amplification operation and further
increases the difference in the voltage level between the dif-
ferential outputs. Then, if the voltage level of the differential
output signal OUTO is lower than the high-potential power
supply voltage level VDD by the absolute value of the thresh-
old voltage of the PMOS transistor Mp1, the PMOS transistor
Mpl is turned on, and the voltage level of the differential
output signal OUT1 increases to the high-potential power
supply voltage level VDD. That is, the base-up current by the
current addition transistors accelerates the time at which the
differential direction is created in a direction in which one of
the differential outputs of the latch is inverted. Meanwhile,
the NMOS transistor Mn3 drops the differential output signal
OUTO to the low-potential power supply voltage level GND
through the NMOS transistors Mn0, Mn5, and Mn2 (differ-
ential-pair transistors and control transistor). Thus, at the time
t1, the differential amplifier circuit sets the differential output
signal OUT1 at the voltage level VDD and the differential
output signal OUTO at the voltage level GND, and completes
the amplification operation to the CMOS level of the differ-
ential output signal. Thereafter, at the time t2, the differential
amplifier circuit continues to latch the data by the cross-
coupled inverters of the latch until the amplification initiation
signal EN is changed to L. level. At the time t2, the differential
output signals OUT0 and OUT1 and the nodes N0, N1, and
N2 are reset in the initial state.

[0077] Asdescribed above, the differential amplifier circuit
of this embodiment includes the differential-pair transistors
(Mn0 and Mn1) having gate electrodes, to which differential
input signals are input, a plurality of current addition transis-
tors (Mn5 and Mné) which are respectively connected in
parallel to the differential-pair transistors, the latch (Mp0,
Mpl, Mn3, and Mn4) which is connected to the differential-
pair transistors and a plurality of current addition transistors,
and holds amplified data of the differential input signals, and
the control transistor (Mn2) to which the activation initiation
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signal (amplification initiation signal EN) is input. If the
activation initiation signal is input, the differential amplifier
circuit starts the amplification operation, and a plurality of
current addition transistors are in the conduction state before
the differential voltage is released in a direction in which one
of the differential outputs of the latch is inverted, or simulta-
neously with the amplification operation.

[0078] According to the embodiment, the differential
amplifier circuit is configured such that the transistor in which
the addition current flows is connected in parallel to the
differential-pair transistors to which the differential signals
are input, so the differential input signals are at low voltage,
and even when the current value flowing in the differential-
pair transistors during the amplification operation is very
small, the latch (flip-flop) operates at high speed without
erroneously operating.

[0079] That is, the latch (flip-flop) starts a differential
operation by the differential-pair transistors, and after the
time such that a high-speed operation is ensured, the base-up
current flows in the current addition transistors by the delay
DLY, so an erroneous operation of the differential amplifier
circuit is reduced, and the amplification operation can be
performed at high speed, as compared with the related art. In
the differential amplifier circuit, the threshold voltage Vth of
each of the transistors in the latch involved in amplification
and the differential-pair transistors is high, the differential-
pair transistors decrease the flowing current, and the differ-
ential amplifier circuit is hard to operate. For this reason, the
base-up current flows by the current addition transistors, such
that the differential amplification operation of the latch can
operate at high speed without erroneously operating.

[0080] Comparison with the related art will be provided in
connection with the drawing. FIG. 8 is a circuit diagram of a
differential amplifier circuit of the related art. The transistors,
the input signal, and the like are represented by the same
reference numerals as those in FIG. 1. FIGS. 9A and 9B are
timing charts showing an amplification operation of the dif-
ferential amplifier circuit of FIG. 8.

[0081] The differential amplifier circuit of the related art
has no current addition transistors, so in FIG. 8, the NMOS
transistors Mn5 and Mn6 are not show, and in FIG. 9, [(Mn5)
and 1(Mn6) are not shown.

[0082] Ifthe voltage levels of the differential input signals
are 0.7 V/0.68 V close to the threshold voltage, then, com-
parison is done in connection with FIG. 2A and FIG. 9A. The
known differential amplifier circuit uses only the NMOS
transistors Mn0 and Mnl (differential-pair transistors) to
draw electric charges from the output node of the differential
amplifier of the flip-flop. For this reason, the voltage drop
speed at the nodes N0 and N1 are low, it takes a lot of time to
perform the amplification operation, and I(Mn0) and I(Mn1)
continue to flow in the meantime. It is also found that the
change in voltage of the differential output signal OUT0/
OUT1 is slow. In contrast, in the differential amplifier circuit
of'this embodiment, it is found that the base-up current makes
the voltage drop speed at the nodes NO and N1 high, and
makes rapid the change in voltage of the differential output
signal OUT0/OUT1.

[0083] FIG. 2B and FIG. 9B show waveforms when the
voltage levels of the differential input signals are at 1.2V and
1.0 V close to the power supply voltage VDD. It should be
noted that there is little difference between the waveforms.
This is because, in the differential amplifier circuit of this
embodiment, at the time (corresponding to the time tc) at
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which the base-up current flows, the amplification operation
is substantially completed. That is, the reason is that the
voltage level of the differential input signal is high, so when
the delay signal END is input to the NMOS transistors Mn5
and Mn6, and the base-up current flows, the voltage levels at
the node N0 and the node N1 undergo voltage drop, and there
is no difference in voltage between the source and the drain of
the NMOS transistors Mn5 and Mné6.

[0084] FIG. 3 is a waveform chart in which the differential
output signals of the known differential amplifier circuit and
the differential amplifier circuit of this embodiment are plot-
ted on the same graph. In this waveform chart, similarly to
FIGS. 2A and 9A, the conditions are that the voltage level
VDD of the high-potential power source is at 1.25V, and the
differential input signals INO and IN1 are 0.7 V and 0.68 V.
Referring to the waveform chart, in the differential amplifier
circuit of this embodiment, it is found that, even when the
voltage levels of the differential input signals are lowered
close to the threshold voltage, the difference in voltage
between the differential output signals OUT0 and OUT1 is
amplified fast with no erroneous operation, as compared with
the related art.

Second Embodiment

[0085] Next, another embodiment of the invention will be
described.
[0086] FIG. 4 is a circuit diagram of a differential amplifier

circuit according to another embodiment of the invention.
FIG. 5 is atiming chart showing an amplification operation of
the differential amplifier circuit of FIG. 4. In FIG. 4, the same
parts as those in FIG. 1 are represented by the same reference
numerals, and description thereof will not be repeated.
[0087] The differential amplifier circuit of FIG. 4 is differ-
ent from the differential amplifier circuit of FIG. 1 in that the
voltage levels at the gate terminals of the NMOS transistors
Mn5 and Mn6 are at the voltage level VDD of the high-
potential power source. The destination to which the gate
terminal is connected is not necessarily the high-potential
power source, and it should suffice that the base-up current
flows, so the voltage level at the gate terminal may be a
voltage level between the voltage level VDD of the high-
potential power source and the voltage level GND of the
low-potential power source set in advance.

[0088] The circuit constant of each transistor constituting
the differential amplifier circuit in FIG. 4 may be the same as
the circuit constant of each transistor shown in FIG. 1. Mean-
while, when the voltage level at the destination to which the
gate terminal is connected is other than VDD, with regard to
the circuit constant of each of the NMOS transistors Mn5 and
Mn6, there is the need for measures to correct the base-up
current, for example, an increase of W.

[0089] As shown in FIG. 5, according to this embodiment,
the base-up current does not flow until the amplification ini-
tiation signal EN is at H level. At the time t0, if the amplifi-
cation initiation signal EN is at H level, the NMOS transistors
Mn5 and Mn6 are turned on, and drop the voltage levels at the
nodes N0 and N1 together with the NMOS transistors Mn0
and Mnl (differential-pair transistors). Thus, the flip-flop
starts the amplification operation, amplifies the differential
input signals at high speed, and outputs data according to the
differential input signals to the differential outputs.

[0090] According to this embodiment, the base-up current
flows at the same time the differential-pair transistors are
turned on (simultaneously with the amplification operation),
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so anincrease in speed can be achieved while the effects of the
first embodiment can be maintained. In addition, even when
the voltage level of the input signal is further lowered, the
base-up current is added to the current flowing between the
differential-pair transistors at the time of the start of amplifi-
cation, so a differential amplifier circuit with reduced errone-
ous operation can be realized. Furthermore, the delay DLY
and the delay signal END are not required, so a differential
amplifier circuit with a smaller layout area can be realized.

Third Embodiment
[0091] Next, yet another embodiment of the invention will
be described.
[0092] FIG. 6 is a circuit diagram of a differential amplifier

circuit according to yet another embodiment of the invention.
FIGS. 7A and 7B are timing charts showing amplification
operations of the differential amplifier circuit in FIG. 6. In
FIG. 6, the same parts as those in FIGS. 1 and 4 are repre-
sented by the same reference numerals, and description
thereof will not be repeated.

[0093] The differential amplifier circuit in FIG. 6 is differ-
ent from the differential amplifier circuits in FIGS. 1 and 4 in
that the connection destination of the gate terminals of the
NMOS transistors Mn5 and Mn6 in which the base-up current
flows is a holding node of the latch corresponding to data of
the differential input signals. That is, the gate terminal of the
NMOS transistor MnS is connected to a node at which the
differential output signal OUT1 is output, and the gate termi-
nal of the NMOS transistor Mn6 is connected to a node at
which the differential output signal OUTO is output.

[0094] The circuit constant of each transistor constituting
the differential amplifier circuit in FIG. 6 may be the same as
the circuit constant of each transistor shown in FIGS. 1 and 4.

[0095] According to this embodiment, the base-up current
flows at the same time the differential-pair transistors are
turned on (simultaneously with the amplification operation),
so anincrease in speed can be achieved while the effects of the
first embodiment can be maintained. In addition, even when
the voltage level of the input signal is further lowered, the
base-up current is added to the current flowing between the
differential-pair transistors at the time of the start of amplifi-
cation, so a differential amplifier circuit with reduced errone-
ous operation can be realized. Furthermore, the delay DLY
and the delay signal END, or a predetermined power supply
voltage is not required, and the configuration can be made by
node connection in the differential amplifier circuit, so a
differential amplifier circuit with a smaller layout area can be
realized.

[0096] Although in the differential amplifier circuit accord-
ing to the embodiment of the invention, a detection section
(differential-pair transistors) by the differential input signals
is provided on the low-potential power source side, the fun-
damental technological idea of the invention is not limited
thereto. For example, a reverse charge/discharge relationship
may be provided, that is, a detection section may be provided
on the high-potential power source side. In this case, the
voltage level at the time of initial charging of the differential
output signals OUT0 and OUT1 by an equalizer (PMOS
transistors Mp2 to Mp4) may be the voltage level of the
high-potential power source or the voltage level of the low-
potential power source, as described above. For example, an
equalizer may include NMOS transistors, and may be pre-
charged with the voltage level of the low-potential power
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source. This can be easily understood by those skilled in the
art based on the fundamental technological idea of the inven-
tion.

[0097] The differential amplifier circuit according to each
embodiment of the invention can be applied to semiconductor
devices, such as CPU (Central Processing Unit), MPU (Micro
Control Unit), DSP (Digital Signal Processor), ASIC (Appli-
cation Specific Integrated Circuit), and ASSC (Application
Specific Standard Circuit).

[0098] Examples of the products to which the above-de-
scribed embodiments can be applied may be, but are not
limited to, any semiconductor devices such as SOC (System-
On-Chip), MCP (Multi-Chip-Package), and POP (Package-
On-Package). Thus, the embodiments of the present inven-
tion can be applied to any semiconductor devices in any forms
of products and in any forms of package.

[0099] The transistors constituting the differential ampli-
fier circuit according to each embodiment of the invention
may be field effect transistors (FET). In addition to the MOS
(Metal Oxide Semiconductor), various FETs, such as MIS
(Metal-Insulator Semiconductor) transistors and TFTs (Thin
Film Transistor), may be used. Transistors (for example,
bipolar transistors) other than the FETs may be used for a part
of the constituent elements of the invention. The NMOS
transistor (N-type channel MOS transistor) is a representative
of'the first conduction-type transistor, and the PMOS transis-
tor (P-type channel MOS transistor) is a representative
example of the second conduction-type transistor.

[0100] Itis apparent that the present invention is not limited
to the above embodiments, but may be modified and changed
without departing from the scope and spirit of the invention.

What is claimed is:

1. A differential amplifier circuit comprising:

a plurality of differential-pair transistors having gate elec-
trodes that receive differential input signals respectively,
different potentials of the differential input signals rep-
resenting a piece of information;

aplurality of current addition transistors that are connected
in parallel to the plurality of differential-pair transistors,
respectively;

a latch connected to the plurality of differential-pair tran-
sistors, the latch being connected to the plurality of
current addition transistors, the latch holding amplified
data which have been generated by amplifying the plu-
rality of differential input signals, the latch having a
plurality of differential outputs, the plurality of differ-
ential outputs being related to the amplified data, the
plurality of differential outputs corresponding to the
differential input signals respectively; and

a control transistor connected to the plurality of differen-
tial-pair transistors, the control transistor connected to
the plurality of current addition transistors, the control
transistor receiving an activation initiation signal,

wherein the plurality of current addition transistors are
transitioned into electrically conductive state either in a
period of time from initiation of amplification operation
of the differential amplifier circuit by transitioning the
control transistor into an electrically conductive state to
increasing a differential voltage to cause inversion of
one of the plurality of differential outputs of the latch, or
at the same time when the amplification operation is
initiated.

2. The differential amplifier circuit according to claim 1,

wherein each of the gates of the plurality of current addition
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transistors is coupled to a delayed signal that is generated by
delaying the activation initiation signal with a predetermined
time, so as to add a predetermined current to respective cur-
rents flowing through the plurality of differential-pair tran-
sistors.

3. The differential amplifier circuit according to claim 1,
wherein each of the gates of the plurality of current addition
transistors is coupled to a predetermined voltage, the prede-
termined voltage is either one of a higher power voltage and
alower power voltage or a potential between the higher power
voltage and the lower power voltage.

4. The differential amplifier circuit according to claim 1,
wherein the gates of the plurality of current addition transis-
tors are coupled to nodes of the plurality of differential out-
puts having the same phase as the plurality of differential
input signals respectively.

5. The differential amplifier circuit according to claim 1,
wherein the plurality of differential-pair transistors and the
plurality of current addition transistors are coupled between
one of a higher power voltage and a lower power voltage and
other of the higher power voltage and the lower power volt-
age, the other being applied to the latch.

6. The differential amplifier circuit according to claim 1,
wherein the latch comprises first and second inverters having
gates and outputs which are cross-coupled to each other, the
plurality of differential-pair transistors and the plurality of
current addition transistors are connected in parallel to each
other, each of the plurality of differential-pair transistors is
connected in series between a higher power voltage and a
lower power voltage, and each of the plurality of current
addition transistors is connected between the higher power
voltage and the lower power voltage.

7. The differential amplifier circuit according to claim 5,
wherein the plurality of differential-pair transistors and the
plurality of current addition transistors are connected in par-
allel to each other, the plurality of differential-pair transistors
and the plurality of current addition transistors, the first and
second inverters and the control transistor are connected in
series between the higher power voltage and the lower power
voltage.

8. The differential amplifier circuit according to claim 6,
wherein the plurality of differential-pair transistors and the
plurality of current addition transistors are connected in par-
allel to each other, the plurality of differential-pair transistors
and the plurality of current addition transistors, the first and
second inverters and the control transistor are connected in
series between the higher power voltage and the lower power
voltage.

9. The differential amplifier circuit according to claim 1,
wherein the plurality of differential-pair transistors and the
plurality of current addition transistors are field effect tran-
sistors of the same conductivity type.

10. The differential amplifier circuit according to claim 8,
wherein the control transistor is a field effect transistor of the
same conductivity type as the plurality of differential-pair
transistors and the plurality of current addition transistors.

11. The differential amplifier circuit according to claim 6,
wherein the first inverter is a transistor of a first conductivity
type, the second inverter is a transistor of a second conduc-
tivity type,

one of the transistors of the first conductivity type and the

second conductivity type is the same conductivity type
as the plurality of differential-pair transistors and the
plurality of current addition transistors.
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12. A differential amplifier circuit comprising: a differen-

tial input circuit; and a latch,

the differential input circuit comprising:

first and second transistors having gate electrodes that
receive differential input signals respectively, different
potentials of the differential input signals representing a
piece of information;

a control transistor connected in series to the first differen-
tial-pair transistor, the control transistor being con-
nected in series to the second differential-pair transistor,
the control transistor receiving an activation initiation
signal; and

third and fourth transistors being connected in parallel to
the first and second transistors,

the latch comprising first and second inverters having gates
and outputs which are cross-coupled to each other,

the first and second inverters having a plurality of differ-
ential outputs having a differential voltage greater than a
differential voltage of the plurality of differential input
signals, related to the plurality of differential input sig-
nals, the first and second inverters outputting the plural-
ity of differential outputs after operations ofthe first and
second inverters,

the first and second inverters having sources which are
connected in series to a plurality of outputs of the dif-
ferential input circuit, the plurality of outputs of the
differential input circuit corresponding to the plurality
of differential input signals,

wherein the third and fourth transistors are transitioned
into electrically conductive state either in a period of
time from initiation of amplification operation of the
first and second transistors by transitioning the control
transistor into an electrically conductive state to increas-
ing a differential voltage to cause inversion of one of the
plurality of differential outputs of the latch, or at the
same time when the amplification operation is initiated.

13. The differential amplifier circuit according to claim 12,

wherein each of the gates of the third and fourth transistors is
coupled to a delayed signal that is generated by delaying the
activation initiation signal with a predetermined time, so as to

Sep. 30, 2010

add a predetermined current to respective currents flowing
through the first and second transistors.

14. The differential amplifier circuit according to claim 12,
wherein each of the gates of the third and fourth transistors is
coupled to a predetermined voltage, the predetermined volt-
age is either one of a higher power voltage and a lower power
voltage or a potential between the higher power voltage and
the lower power voltage.

15. The differential amplifier circuit according to claim 12,
wherein the gates of the third and fourth transistors are
coupled to nodes of the plurality of differential outputs having
the same phase as the plurality of differential input signals
respectively.

16. The differential amplifier circuit according to claim 12,
wherein the gates of the third and fourth transistors are con-
nected to nodes of the plurality of differential outputs con-
trolled at a predetermined high potential before the first and
second transistors perform amplification operations.

17. The differential amplifier circuit according to claim 12,
wherein the first, second, third and fourth transistors are field
effect transistors of the same conductivity type.

18. The differential amplifier circuit according to claim 17,
wherein the control transistor is a field effect transistor of the
same conductivity type as the first, second, third and fourth
transistors.

19. The differential amplifier circuit according to claim 17,
wherein the first inverter is a transistor of a first conductivity
type, the second inverter is a transistor of a second conduc-
tivity type,

one of the transistors of the first conductivity type and the

second conductivity type is the same conductivity type
as the first, second, third and fourth transistors.

20. The differential amplifier circuit according to claim 18,
wherein the first inverter is a transistor of a first conductivity
type, the second inverter is a transistor of a second conduc-
tivity type,

one of the transistors of the first conductivity type and the

second conductivity type is the same conductivity type
as the first, second, third and fourth transistors.
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