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Abstract

The basics of an integrated circuit are described with special emphasis placed on a charge-measurement
system. Starting with an outline of a fine CMOS technology, the discussion moves to a practical imple-

mentation of circuits.
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3 Logic gates
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Logic gates constitute elementary building blocks
to construct a logic circuit.

You might think that logic gates are useless for
an analog circuit.

An analog circuit without any digital circuits is
very rare in practice. Digital circuits are em-
ployed to handle comparator outputs, to con-
trol a readout sequence, and to implement a test
pulse circuit.
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3.1 Inverter circuit
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We are going to describe digital circuits as a part
of building blocks for an analog integrated cir-
cuit. Beginning with such basic gates as the
inverter and the NAND2 circuit, we eventually
reach more advanced circuit elements, where in-
cluded are the D-type flip-flop and so forth.
Once you go through these digital circuits, you
can proceed to configure more advanced circuits
by yourself.

The inverter circuit negates the logic level for the
input terminal to deliver the inverted logic level
at the output terminal.

Fig.1 shows a practical CMOS inverter circuit.
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Figure 1: Inverter circuit.
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The CMOS inverter circuit consists of a pMOS
FET (M2) and an nMOS FET (M1), whose gates
are connected to a common input A, and whose
drains are led to a common output Y.

When the input is in the "H” level, the nMOS
is turned on to yield the ”L” level at the output;
when the input is in the "L” level, the pMOS is
turned on to yield the "H” level at the output.

The W/L’s for M1 and M2 are so designed as
(W/L)pn : (W/L)p2 = 1 3, which is to equal-
ize the driving capability of these transistors.
You should remember that the process gain fac-
tor for pMOS transistors is in general ~ 1/3 of
that for nMOS transistors. W/L’s are so chosen
to compensate for the k, differences.



3.2 NAND2 circuit
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The NAND?2 circuit has two input terminals, i.e.
A and B, and one output terminal Y to deliver a
logic level manipulated by the circuit.

When inputs A and B are simultaneously in the
”"H” level, the circuit delivers the ”L” level at the
output terminal. The logic level of the output Y
is in the "H” level for the other combinations for
A and B.

Fig. 2 shows a practical CMOS NAND?2 circuit.
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Figure 2:
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NAND2 circuit.

The NAND?2 circuit consists of two pMOS tran-
sistors (M3 and M4) and two nMOS transistors
(M1 and M2). The pMOS transistors are located
in parallel, while the nMOS transistors are lo-
cated in series.

You may note that the L’s for the nMOS tran-
sistors are set as 0.6 pum, which is to maintain a
certain driving capability at the "L” level.

In a similar fashion, you can construct those
circuits, such as NAND3, NAND4, and even
NANDS.



3.3 NANDZ2 circuit with output inhibit
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The NANDI circuit is not necessarily a generic
logic gate. The NANDI circuit is similar to the
NAND?2 circuit, except for two additional tran-
sistors, M5 and M6; these additional transistors
are employed to keep the output "L” at whatever
are input levels for the inputs A and B.

In practice, as long as terminal I is "L”, the
NANDI circuit behaves exactly the same as the
NAND2 circuit, since M5 is conducted while M6
is shut off. On the other hand, when terminal
Iis ”H”, the output terminal Y is forced to be
71, since M5 is shut off while M6 is conducted
to V.
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Figure 3: NAND2 circuit with output inhibit.

3.4 AND3 circuit
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The AND3 circuit delivers "H” only when inputs
A, B, and C are simultaneously in the "H” level;
otherwise, the output is kept at "L”.

Fig. 4 shows a practical CMOS AND3 circuit.

You can construct a NAND3 circuit based on
the NAND2 circuit. The AND3 circuit is ac-
complished by adding an inverter circuit on the
output of the NANDS3 circuit.
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Figure 4: AND3 circuit.

3.5 NOR2 circuit
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The NOR2 circuit consists of two pMOS tran-
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nMOS’s.
In a similar fashion, you can presumably con-
struct those logic gates, such as NOR3, NOR4,
and even NORJ.
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Figure 5: NOR2 circuit.

3.6 Tri-state output buffer
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The tri-stage buffer is so defined as a non-
inverting buffer which is equipped with a capabil-
ity to force its output in a high-impedance state.
In an integrated circuit design as well as a
printed-circuit design, it is quite common to em-
ploy a so-called ”data-bus” which is shared by
more than one circuit block for the purpose of
the signal’s I/0O.

A possible contention between the activity of the
involved circuit blocks should be resolved by a
certain mechanism; otherwise, the signals on the
databus will be mixed up.

It is required that the output gates which share
the databus should be able to be in a high-
impedance state in addition to the usual H/L
states; the gates in the high impedance state do
not bother the data transmission between any
other gates.

The tri-state buffer is prepared to perform the
above-mentioned capability with an intensified
current-output capability to feed signals into a
high-capacitve load.

Fig. 6 shows a practical CMOS tri-state buffer
circuit.
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Figure 6: Tri-state output buffer.
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3.7 Selector
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The tri-state buffer consists of two transistors
(M1 and M2), and three circuit blocks (X1, X2
and X3). X1 is an inverter circuit; X2 is a
NAND2 circuit, and X3 is a NOR2 circuit.
When the signal level at the terminal E is "H”,
X2 and X3 just function as inverters to feed the
inverted signal of the terminal A to the gate
nodes of M2 and M1. The output level on the
terminal Y is, therefore, the same as that on ter-
minal A.

On the other hand, when the signal level at ter-
minal E is "L the gate node of M2 is kept "H”,
and the gate node of M1 is kept at ”L”, which
simultaneously shuts off M1 and M2 to be in a
high-impedance state.

The selector circuit selectively chooses either DO
or D1 to deliver the corresponding logic level at
output terminal Y. A practical way to use the
selector circuit is demonstrated in a later section
concerning a sequential circuit.

Fig. 7 shows a practical CMOS selector circuit.

X1 is an inverter circuit. X2, X3 and X4 are
NAND2 circuits. When SEL is ”"L”, DO is chosen;
when SEL is "H”, D1 is chosen.
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Figure 7: Selector.

3.8 D-type flip-flop circuit
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3.8.1 Gated inverter
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3.8.2 Latch circuit
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The DFF circuit acquires the logic level at termi-
nal D at the transient from "L” to "H” of CK to
deliver the output at the output terminal Q. In
order to understand the exact nature of the DFF
circuit, it requires some steps described below.

The DFF circuit includes a gated inverted circuit
as a building block.

The gated inverter is basically an inverter circuit
with additional switches in its Vg4 and Vi, ter-
minals.

Fig. 8 shows a practical CMOS gated inverter
circuit.

The gated inverter circuit consists of two pMOS
transistors (M3 and M4) and two nMOS (M1 and
M2) transistors. M1 and M4 are introduced as
switches driven by CK and CKB, respectively.
When M1 and M4 are so driven as to be con-
ducted, transistors M2 and M3 work as an ordi-
nary inverter circuit. On the other hand, when
M1 and M4 are shut off to isolate an inverter cir-
cuit made of M2 and M3, the output terminal Y
is moved to a high impedance state.

The latch circuit temporarily stores a logic level
fed into the input terminal.

Fig. 9 shows a practical CMOS latch circuit,
where you will find gated-inverter circuits.



Figure 8: Gated inverter
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3.8.3 Master-slave configuration
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The latch circuit consists of two gated-inverter
circuits (X1 and X3), one inverter circuit (X2),
and a pMOS transistor (M4).

When CK is force to be ”L”, the logic level at the
input terminal D is inverted by X1, and is once
again inverted by X2 to be delivered at output
terminal Q.

In the proceeding timing where CK is forced to
be ”H”, the output of X1 moves to ”Z”, i.e. high
impedance. On the other hand, X3 is activated
to invert the signal level at the output terminal
Q. X2 and X3 eventually help each other keep
their states; the input signal is then ”latched”.

The transistor M4 is driven by RB. When RB is
forced to be ”L”, the input node of X3 is con-
ducted to Vg4, and, hence, the output terminal
Q asynchronously moves to ”L” irrelevant of the
logic levels which X3 or X1 are otherwise to de-
liver. This behavior is guaranteed only when the
driving capability of M4 overwhelms those of X1
or X3.

The D-type flip-flop includes two latch circuits
employed in a cascaded fashion.
Fig. 10 shows a practical CMOS DFF circuit.
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Figure 9: Latch circuit.
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3.8.4 EDFF circuit
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The DFF circuit consists of three inverter circuits
(X1, X2 and X3) and two latch circuits (X4 and
X5). The latch circuits are driven by CK and
CKB, which are complementary to each other.
X1 and X2 are employed to generate CK and
CKB. While CK is ”L”, the signal applied on the
input terminal D propagates to reach the output
of X4. At the proceeding leading edge of CK, the
output level of X4 is acquired by X5 to appear
on the output terminal of X5, i.e. the terminal
Q of the DFF circuit. X3 is provided to deliver
the QB output.

In this way, it is guaranteed that the output logic
state of the DFF circuit changes only at the lead-
ing edge of CK.

The EDFF circuit is a building-block frequently
employed to design a synchronous circuit.
EDFF stands for a DFF circuit with an enable
terminal. The EDFF circuit is activated only
when terminal E is forced to be "H”, acquiring
the logic level applied for the input terminal D
to deliver the output on terminal Q.

Fig. 10 shows a practical CMOS EDFF circuit.
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Figure 10: D-type flip-flop circuit.
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The EDFF circuit consists of one DFF circuit
(X1), one NANDI circuit (X2), two NAND2 cir-
cuits (X3 and X4), and one inverter circuit(X5).
The circuit block consisting of X2 to X5 is iden-
tical to the selector circuit, except that X3 is a
NANDI circuit instead of a NAND2 circuit. Ter-
minal E is equivalent to the terminal SEL of the
selector circuit. When E="H" the signal on ter-
minal D is chosen to be acquired, and output Q
is in accord with the level on terminal D. When
E="L", the signal on terminal Q is chosen to be
acquired, and the output at Q is kept as before.
This means that the EDFF circuit is virtually
inactive as long as terminal E is force to be 7L”.

You might think that the DFF circuit could be
inactive by blocking the CK signal. You should
be aware of the fact that the CK signal may be
in general asynchronous to the possible blocking
signal, irregularly yielding a narrow CK signal.
Then, it may happen that the D input is suc-
cessfully acquired at one time, and rejected at
another time. Another problem concerns a dis-
order between the timing for the proper leading
edge and the transition timing of the Q output.
The EDFF circuit eliminates these possible is-
sues.
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3.9 Example of a sequential circuit
JTAG TAP controller
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A similar problem may happen to the reset tim-
ing. The EDFF circuit has two reset inputs: one
is RB, which is equipped for the DFF circuit X1;
the other is SR, which is equipped for the NANDI
circuit X2. When terminal RB is force to be ”L”,
the output Q of the DFF circuit asynchronously
moves to "L” irrelevant of the CK timing. On
the other hand, when terminal SR is forced to be
"H”, the output at Q of the DFF circuit moves
to ”L” at the leading edge of the CK signal. You
should notice that SR stands for a synchronous
reset. It is recommended to employ RB only for
a purpose of a power-on reset, and to employ SR
for general use.

The TAP controller is a sequential circuit defined
as a part of the JTAG standard. The TAP con-
troller circuit is driven by three JTAG-defined
external signals ("TMS”, ?TCK”, and "TRST”)
to control a bit-serial databus originating from a
"TDI” terminal and reaching a " TDO” terminal.
Fig. 12 shows an implementation of the TAP
controller employing the above-mentioned logic
gates.
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Figure 12: Configuration of a TAP controller.
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The TAP controller circuits consists of one
TROOT circuit (X1) and two TBRANCH cir-
cuits (X2 and X3). The internal configuration of
the TROOT circuit is shown in Fig. 13. The
internal configuration of the TBRANCH circuit
is shown in Fig. 14.

The TROOT circuit consists of four selector cir-
cuits (X1, X3, X9, and X12), four EDFF circuits
(X2, X4, X10, and X13), two inverter circuits
(X6 and X7), two NAND3 circuits (X5 and X8),
one NAND4 circuit (X11) and one NAND2 cir-
cuit(X14).
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Figure 13: Schematic of TROOT.
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transitions.

The TBRANCH circuit consists of six selector
circuits (X1, X5, X8, X12, X14 and X17), six
EDFF circuits (X2, X6, X9, X13, X15 and X18),
one inverter circuit (X3), two NAND3 circuits
(X11 and X20), and five NAND2 circuits (X4,
X7, X10, X16 and X19).
The TAP controller takes sixteen states; details
of significance put for each state are described
in the following together with conditions for the
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Figure 14: Schematic of TBRANCH.
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TMS=1: — Run—Test/Idle,
TMS=0: — Test— Logic — Reset.
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2. Run-Test/Idle:

When TLR is "H”, the TAP controller is in
a state called ”Test-Logic-Reset”. Every cir-
cuit in the TAP controller is inactive and each
register is set to a predetermined initial value.
On the other hand, the core circuit operates
as usual, since it is separated from the TAP
controller. The conditions for a transition are
as follows:

TMS=1: — Run—Test/Idle,
TMS=0: — Test— Logic — Reset.

15
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TMS=1":
TMS =0:

—  Select — DR — Scan,
—  Run — Test/Idle.
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Select-DR-Scan:
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TMS=1":
TMS=0:

—  Select — IR — Scan,
—  Capture — DR.
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Select-IR-Scan:
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TMS=1":
TMS =0:

—  Test — Logic — Reset,
—  Capture — IR.
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Capture-DR:
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TMS =1:
TMS =0:

—  FEuitl — DR,
—  Shift — DR.
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Shift-DR:
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TMS=1:
TMS =0:

—  FEuitl — DR,
—  Shift — DR.
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When RTT is ”H”, the TAP controller is in
a state called "Run-Test/Idle”. If a built-in
self-test capability is implemented, it can be
executed in this state. No other action is al-
lowed. The conditions for a transition are as
follows:

TMS =1":
TMS=0:

—  Select — DR — Scan,
—  Run — Test/Idle.

When SDS is "H”, the TAP controller is in a
state called ”Select-DR-Scan”. This state is
just an auxiliary state to branch to a series
of states to manipulate data registers. The
conditions for a transition are as follows:

TMS=1:
TMS=0:

—  Select — IR — Scan,
—  Capture — DR.

When SIS is "H”, the TAP controller is in a
state called ”Select-IR-Scan”. This state is
just an auxiliary state to branch to a series
of states to manipulate instruction registers.
The conditions for a transition are as follows :

TMS=1:
TMS=0:

— Test — Logic — Reset,
—  Capture — IR.

When CDR is ”H”, The TAP controller is in a
state called ”Capture-DR”. In this state, each
shift register acquires data from a PI terminal
in such a way as a parallel load. The timing
of the parallel load is the rising edge of TCK.
The conditions for a transition are as follows:

TMS =1":
TMS=0:

—  FBxitl — DR,
—  Shift — DR.

When SDR is "H”, the TAP controller is in
a state called ”Shift-DR”. The data on the
shift register is shifted toward downstream, i.e.
a direction from TDI to TDO, at the rising
edge of TCK; the procedure is called ”shift
process”. The conditions for a transition are
as follows:

TMS =1":
TMS=0:

—  FBxitl — DR,
—  Shift — DR.

16
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TMS =1":
TMS=0:

—  Update — DR,
—  Pause — DR.
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Pause-DR:
000OoooOoooPDROOCOOOOODOOO
000000O0oo0o0oooooooooon
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TMS=1":
TMS=0:

—  FEzit2 — DR,
—  Pause — DR.
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Exit2-DR:
000000000 EX2D 0000 Pause-DR
0000 Update-DRODOOOO SHIFT-DR O
0dooooooooooooboooooooon
ooooooo

TMS =1:
TMS =0:

—  Update — DR,
—  Shift — DR.
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Update-DR:

O0000000oubROOOOOOOOOO
00000000oooooooooooon
O000000D0D0000OTCKDO falling edge
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TMS=1":
TMS =0:

—  Select — DR — Scan,
—  Run — Test/Idle.

gobogoogooobd

Capture-IR:

When EX1D is "H”, the TAP controller is in
a state called "Exit1-DR”. This state pro-
vides an option to skip Shift-DR state to reach
Update-DR state where each shift register de-
livers its data-bit to a PO terminal. The con-
ditions for a transition are as follows:

TMS=1":
TMS=0:

—  FExitl — DR,
— Shift — DR.

When PDR is "H”, the TAP controller is in
a state called "Pause-DR”. This state is em-
ployed to temporarily pause the shift process.
The conditions for a transition are as follows:

TMS=1:
TMS =0:

—  FExit2 — DR,
—  Pause — DR.

When EX2D is ”H”, the TAP controller is in a
state called ”Exit2-DR”. This state provides
a transit from Pause-DR to either Update-DR
or Shift-DR The conditions for a transition are
as follows:

TMS =1:
TMS =0:

—  Update — DR,
—  Shift — DR.

When UDR is "H”, the TAP controller is in
a state called "Update-DR”. Arriving at this
state, the shift process is completed to be al-
lowed to update a test-data-register at the
falling edge of TCK. The conditions for a tran-
sition are as follows:

TMS =1:
TMS =0:

—  Select — DR — Scan,
—  Run — Test/Idle.
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TMS=1: — FEuxitl — IR,
TMS=0: — Shift—1IR.

gbooboooobdg

Shift-IR:
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TMS =1:
TMS =0:

—  Fxitl — IR,
—  Shift — IR.

oooooooono

Exit1-IR:
O0000000D0OEX1IIODOOOExitl1-DR O
odo0ooooooooooooon

TMS =1:
TMS =0:

—  Update — IR,
—  Pause — IR.
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Pause-IR:
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TMS=1":
TMS=0:

—  FExit2 - IR,
—  Pause — IR.
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Exit2-IR:
O0000000D0O0OEX2I0000Exit2-DR O
o0oooooooooooooon

TMS =1:
TMS =0:

—  Update — IR,
—  Shift—1IR.

oooooooono

Update-IR:

When CIR is "H”, the TAP controller is in a
state called ”Capture-IR”. In this sate, each
shift register acquires the content of the in-
struction register in such a way as a parallel
load at the rising-edge of TCK. The conditions
for a transition are as follows:

TMS =1:
TMS =0:

—  FBxitl — IR,
—  Shift—IR.

When SIR is "H”, the TAP controller is in a
state called ”Shift-IR”, which is similar to the
state Shift-DR. The conditions for a transition
are as follows:

TMS =1:
TMS =0:

—  Fuxitl — IR,
—  Shift — IR.

When EXI1I is "H”, the TAP controller is in
a state called ”Exit1-IR”, which is similar to
the state Exit1-DR. The conditions for a tran-
sition are as follows

TMS =1:
TMS =0:

—  Update — IR,
—  Pause — IR.

When PIR is "H”, the TAP controller is in
a state called ”Pause-IR”, which is similar to
the state Pause-DR. The conditions for a tran-
sition are as follows:

TMS=1":
TMS=0:

—  FEzit2 — IR,
—  Pause — IR.

When EX2I is "H”, the TAP controller is in
a state called ”Exit2-IR”, which is similar to
the state Exit2-DR. The conditions for a tran-
sition are as follows:

TMS =1:
TMS=0:

—  Update — IR,
—  Shift —IR.

18



dobooooooovulROoooooooooad
Oooooooooooooooooooooo
O00000ooooooooooooooog
TCK O falling-edge 000000000000
goood

TMS=1: — Select — DR — Scan,
TMS=0: — Run—Test/Idle.
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A Notice
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When UIR is ”H”, the TAP controller is in a
state called Update-IR. In this state, each bit
of the instruction register is updated by the
output of the shift register at the falling edge
of TCK. The conditions for a transition are as
follows:

TMS=1: — Select — DR — Scan,
TMS=0: — Run—Test/Idle.

Subject for report (2)

Major semiconductor industries in the world are
competing with each other to make a finer in-
tegrated circuit. What is the benefit of a fine-
profile integrated circuit?
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