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A switched-current (SI) memory cell typi-
cally provides a half-period delay of a current for a
variety of applications such as in discrete-time fil-
ters or in sigma-delta analog-to-digital converters
(Toumazou et al.,1993). Generally, two basic cat-
egories are the 1"-generation and the 2" generation
SImemory cells. Although the 1"-generation SI me-
mory cell offers a low level of transient glitches
(Sinn and Roberts, 1994) and a readily adjustable
current gain (Yang and Masry, 1994), the need for
two transistors is vulnerable to mismatch errors and
more power consumption. Alternatively, the 2"
generation SI memory cell employs a single memo-
ry transistor in order to avoid the mismatch errors
and reduce power consumption (Battersby and
Toumazou, 1991).

However, associated problems in the 2" gen-
eration SI cell are not only the presence of large
amplitude transient glitches but also the direct out-
put where a unity current gain is not readily ad-
justable. Although the transient glitches can be

reduced through a three-phase clock scheme (Oliaei
and Loumeau, 1995), the additional sophisticated
clock is required. The adjustable current gain can
alternatively be possible through an additional mir-
rored transistor, but this leads to the undesirable
mismatch errors and more power consumption as
previously encountered in the 1”-generation SI
memory cell. As lower power consumptions and
smaller chip area are preferable towards the future
CMOS technologies, the 2"d-geneati0n SI memory
cell has consequently been of much interest com-
pared with those 1°- generation SI memory cells
(Goldenberg et al., 1994).

Both generations traditionally employ class
A techniques and therefore limit the signal handling
capability to no more than a bias current(Oliaei and
Loumeau,1998). Larger signal swings require larger
bias currents leading to more power sconsumption.
Recently, class AB techniques for SI memory cells
based on either the 1"-generation (San-Um et al.,
2004) or the 2"d-generation (Srowik and Schuftny,
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1999) have been developed for lower power con-
sumption as a signal swing in the class AB tech-
niques can be in excess of the bias current (Oliaei
and Loumeau, 1998; Srowik and Schuffny, 1999).
However, the accuracy of such SI memory cells in
both generations, employing either class A or class
AB techniques, is primarily limited by two major
errors (Toumazou et al.,1993) known as the charge
injection errors and the conduction errors.

The charge injection errors are caused by
switching mechanisms in the memory switches and
may be separated into the channel charge-injection
errors and the clock feeedthrough errors (Yuan
et al., 2001). The conduction errors are caused by
an inadequate ratio of the input to the output con-
ductance and a gain-drain capacitive feedback ef-
fects (Toumazou et al., 1993). Both major errors
have been reduced through several techniques such
as two-step sampling (ST (Hughes and Moulding,
1993), seamless S’ (Hughes and Moulding, 1993),
and zero-voltage switching (Nairn, 1996) tech-
niques. However, a problem encountered in the S’
techniques is the slower operation due to the need
for two-step (coarse and fine) sampling phases that
lead to a reduction in the maximum useful sam-
pling frequency. On the other hand, a problem en-
countered the zero voltage switching techniques is
the typically large differential circuitry that leads
to larger complexity and more power consumptions.

In this paper, a low-power low-error single-
ended virtually-grounded-drain class AB switched-
current memory cell is presented. The proposed
circuit is relatively simple based on a basic class
AB SI memory cell and a level-shifted grounded-
gate amplifier. No large differential circuitry and
complicated clocking schemes are required. All
charge-injection, clock-feedthrough and conduction
errors are reduced. As a design example using 0.5-
um CMOS technology, the power consumption is
120 uW at the bias current of 25 LA and supply
voltage of 2V. The optimal sampling frequency is
at 45MHz. The SNR, SDR and SFDR are 59.7 dB,
61 dB and 73 dB, respectively. The total harmonic
distortion is less than 0.4%. The transmission gain
error and the DC offset current error are less than
0.025 and 0.75 pA, respectively. Demonstrations
of a forward difference integrator and comparisons

to other approaches are also presented.
Analysis of Errors in ST Memory Cells

Charge Injection Errors

Figure 1 shows the basic class A 2"d—genera—
tion SI memory cell as a simple example for dem-
onstrating the charge injection errors. Transistors
Q, and Q, form a memory transistor and a current
source I , respectively. The gate-source capacitance
of Q, is denoted C . Memory switches S, S, and
S, are controlled by a two-phase clock V., i.e. an
input phase ® [n] and an output phase @ [n+0.5],
as shown in Figure 2. The switch S, between nodes
T, and T, is formed by transistor Q, where C_  and
C,,, are gate-drain and gate-source overlap capa-
citancesof Q,, respectively. It can be seen from
Figure 2

Vin

| —
Viis) o Cigsl

"rl.li
Figure 1. Charg injection errors in the basic
class A 2" generation SI memory cell

Vax (V)
k— @, [n] —#—@,[n]—— @[n+0.5] —
Vi o,
Vis Switching point
Vi, o,
o b Time (s)

Figure 2. A two-phase clock scheme showing the
input phase @ [n], the additional
transition phas @ [n] and the output
phase® [n+0.5].
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that @ slightly transits from a high voltage level
V, toalow voltage level V during time t, to t, when
an additional transition phase may be defined as
® [n]. In addition, a threshold voltage V_, of Q,
determines the switching point of Q, at time t,. The
charge injection errors can be demonstrated by the
following description.

Firstly, on the input phase @ [n ],Q, is on and
Q, is now diode-connected. The input current i [n]
initially flows into node T, and a gate-to-source
voltage V ¢ [n] of Q, is subsequently stored on C .
The drain current i [n] of Q, is therefore

i, 0] =1+ )=k (Vo [V, (1)
where k = k/nWI/ZLl, k/n = u C, is a process
transconductance parameter, [L_is an electron mo-
bility, C_ is an oxide capacitance, W, L and V_|
are the width, the length and the threshold voltage
of Q,, respectively. It follows from (1) that the ex-
cess gate voltage of Q, is consequently

1, +1i,[n]
VGS[[n]_VTl :\““ k (2)

1

Secondly, on the transition phase @ [n ], two
finite amqunt of charges q_, gnd qo Are g'enerated
where g, is a channel charge in the inversion layer
underneath the gate existed on the time t, to t, and
q,, is a charge relative to overlap capacitances of
Q,. On the one hand, q_,, is approximately given by
(Toumazou et al., 1993).

Qe :CCH(VH —(1+%)V653[n]_VT3) (3)

where yis a back gate parameter, a channel capaci-
tance C, =W LC ,W_,L and V_ are the width,
the length and the threshold voltage of Q,, respec-
tively. A small-signal gate-source voltage v _[n] of
Q, is commonly known as a signal dependent volt-
age. As the calculations for the exact amount of
charges separately injected into the source and drain
terminals of the switch transistors are relatively
complex (Liang and Harjani, 1998), the amount of

charges aq_, and (1-a)q,,, are therefore assumed
for those injected into nodes T, and T, respectively,
where o is a constant and 0 < o <1. The amount of
charges (1-a)q,,, is absorbed by the input source
and has no effect on the sampled-and-held values
whilst the amount of charge aq_, is injected into
C,.- On the other hand, the charge q,, is injected
into C_ and can be described throughout the phase
® [n] as

Qoo = COLZ(VH_VL) “4)

As a result, a total amount of charge injected into
C,, 18 q,=0q,+q, and therefore directly affects
the stored v [n] by producing an additional charge
injection error voltage dv g [nt] = q./C,, =(aq,, +
q,,)/C,,- In other words,

8V o [n,1=8vi [n ]+ 8V, (5)
where
GV~ Mg = V) (6
dvesi[n,]= C.,
Cou(Vi—V.) (7

5\7//051 =
C

Regarding (6) and (7), Table 1 summarizes corre-
sponding names and types of error voltages due to
the charge injection errors based on the depend-
ence of the input current signal (Bengt, 2000).

Thirdly, on the output phase @ [n+0.5], the
resulting drain current i [n+0.5] of Q, is equal to
(Yang et al., 1990; Zeng et al., 1995)

Table 1. Names and types of error voltages due to
charge injection errors.

Error Names of error Types of error
voltages voltages voltages
/ .
ov o]  channel charge a signal-dependent
injection error error voltage
8V//GS] clock-feedthrough a signal-independent

error error voltage
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i, [n+0.5]=k (v [n]+v  [n]-V, ) 8)
Note that the drain current in (8) on the output phase
differs from that in (1) on the input phase due to
the charge injection error voltage dv_[n] intro-
duced during @ [n ]. Substituting the excess gate
voltage in (8) with (2) yields

. (I, +i,[n]) ’
lDl[n+O.5]=k[ GS][n]+\‘k—l 9)

Arranging (9) yields the resulting output error cur-
rent Sim [n+0.5] =1 [n+0.5] -i_ [n]. In other words,

8i, [n+0.5]=k, (8v

GS1

[n,]) +26v,,[n ]k(1+1[m)

(10)
The Taylor Series analysis of (10) yields

8i m[n+0.5]=8i'ni[n+0.5]+ 6" m[n+0.5] (11)

where
8il, [n+0.5] = k,(8vg[n]) +28veq ]k L, (12)

8ip, [n+0.5] =28vq[nlk,I,
i,[n]/1, (i [n]/L)
2 - 8 cee

Regarding (12) and (13), Table 2 summarizes re-
sulting output error currents due to the charge in-
jection errors (Bengt, 2000).

(13)

Conduction Errors
Figure 3 depicts two identically basic class
A 2"d—generation SI memory cells M, and M,
connected in series as a simple example for
demonstrating the conduction errors.With reference
to Figure 3, transistors Q, and Q, form the memory
M A whilst transistors Q, arrd Q, form the memory
. The gate-source capacitances of Q and Q, are
Cus ,and C_, respectively, whilst the gate-drain ca-
pacitance of Q,is C . The gate-to-source voltages

of Q and Q, are v and v, respectively.

Table 2. Error currents due to charge injection
errors.

Error currents  Resulting output error currents

5i/Dl[n +0.5] DC Offset current and non-unity
gain
51//Dl[n +0.5] Non-linear distortion

Voo

Vi “)—'l‘i—I Qs

-

g | n+@L 5] ]

P—
i laaalmi5]

Hl:Q' + |

P voala LS == Cpa

iy m LS|

o

[“‘ M“

Figure 3. Conduction errors in the cascaded 2" .
generation ST memory cells M, and M.

As shown in Figure 3, the memory M, is on
the output phase @ [n+0.5] when the gate of Q is
held open and delivers an output current 1,
[n+0.5] to memory M,. Meanwhile M, is on the
input phase @ [n+0.5] when Q, is diode-connected
and receives i [n +0.5] or stores the voltage

Vv [n+0.5] on C .- Ideally, ioul, ,[n+0.5] should be
completely transferred from M, to M with an unity
current transmission gain (G ). However, G_ is
practically less than unity due to the presence of
the effective output conductance g, which is equal
to the summation of two conductances g andg_ ,
Le.g . =g, t8&.,, The total output conductance
€., 18 caused by the channel-length modulation
effects at node U, i.e. g =g +g,+¢g,+8&,
where g, g, g, and g , are the output con-
ductance of Q,, Q,, Q, and Q,, respectively. The
conductance g is a gate-drain capacitive feedback
effectof M, i.e. g, ,=C, g /(C +C )whereg
and C_ are the transconductance and the gate-drain
capacitance of Q,, respectively. Figure4 shows the
small-signal equivalent circuit of the cascaded SI
memory cells M, and M, shown in Figure 3.
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L Bioura[nH0.5

0] | !

goM § Sm3

Figure 4. A small-signal equivalent circuit of the
cascaded SI memory cells MA and MB
shown in Figure 3.

It is seen from Figure 4 that g leaks the
error current SiMA [n+0.5]=i  ,[n+0.5]-i ,[n+0.5].
As aresult, the practical current transmission gain
G, =i [n+0.5]/i [n+0.5]is given by

out,A

G, =l+¢ (14)

Ems

g =——2m
ng + goM

(15)

where € is a signal transmission error of the
basiccircuit shown in Figure 1. It is evident from
(14)and (15) that the conduction error reduces the
transmission gain to be less than unity.

Proposed Virtually-Grounded Drain Class AB
SI Memory Cell

Circuit Descriptions

Figures 5 and 6 respectively show a block
diagram and a circuit configuration of the low-
power low- error single-ended virtually- grounded-
drain class AB SI memory cell. As shown in Figure-
5, the circuit consists of two major components,
i.e. a virtually-grounded-drain ST memory M and
an offset compensation circuit M,. The memory M,
is formed by a basic class AB SI memory cell B,
(Oliaei and Loumeau, 1998) and a level-shifted
grounded-gate amplifier A (Simek an Musil,1998).
The memory M, is a basic classAB ST memory cell
B, operating as an offset compensation circuit
(Oliaei and Loumeau, 1998). Switches S, S, S,
S, and S_ are controlled by a two-phase clock

scheme shown in Figure 2. All switches are NMOS
transistors and therefore both channel charge
injection and clock feeedthrough errors previously
described are included.

As shown in Figure 6, B is formed by tran-
sistors Q, and Q, whilst B, is formed by transistors
Q,and Q,. The amplifier A is formed by transistor
Q, and two voltage-controlled current sources im-
plemented by transistors Q, and Q.. In terms of
small-signal analysis, Cgsi, Cg » & and g _are gate-
source capacitance, gate-drain capacitance,
transconductance and output conductance of tran-
sistors Q,, respectively, fori=1to 7. In term of DC
analysis, Table 3 shows bias currents I , 1, and I |
where W, L and V_are width, length and thresh-
old voltage of a transistor Q, respectively, for i= 1
to 7 and Vp wsz’Vpa and Vp , are DC voltages at the
nodes P, P, P and P, respectively.

iin [/ [0} ium
— 1 P 2 3
0 o : o 0
S1 SS
P ([)1 q’z
4 o o—¢ —0
51 Sl
P; P,
]
B, 7o B
S
M, M;
Figure 5. Block diagrams of the proposed single-ended

virtually-grounded-drain class AB SI
memory cell.

iin ay r ‘C_Ez' Lot .
5 By -
r e T I
T e
| Tl e
: I, ;
IS IRUIS T a
: ~ [
i f J, 5 : 8
! Ls Qi
P n—l Q Co __Il: 1 i = Cyal
.......................................... ; | T
M, M

Figure 6. Cicuit diagrams of the proposed single
ended virtually-grounded-drain class AB
SI memory cell.
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Table 3 Bias currents 101, 102, 103 and 104. iin[n]
. — P
Bias currents Formulas o "
I knW (V-V, )/2L K W(IVSI ) /2L J,id,ln] \Lidz[n] lﬁia[nl
I, knW (VNV )/2L K W(IVsl IV B /2L +
I andI KnW(V -V )7/2L, = kW(IV | |v I)/2L )
Vosiln] Agmz § Aglnl gnPl

Reduction in Conduction Errors

On the phase @ [n], the circuit is configured
as shown in Figure 7 where M is a class AB SI
memory cell on its sampling phase with a loop
formed by A, whilst M, is on its holding phase. An
equivalent circuit at node P, is shown in Figure 8.
Atnode P, a small-signal input current i_[n] is sam-
pled and develops a small-signal voltage v, [n],
which is subsequently amplified by a voltage gain
Aof the grounded-gate amplifier. Atnode P, v, [n]
= A(v,,[n]) and causes changes in the drain cur-
rents of Q and Q, by increasing the transcon-
ductances g and g_, with a factor of A, i.e. Ag
and Ag , as shown in Figure 8. In addition, the
effective output conductance g atnode P , resulted
from the channel length modulation and the capaci-
tive feedback effects, is goPl =g, +8,+8,+t8&,+t
[C 2083 / (Céd3+C93)] + [ d4gm4 / (ng4+CgS4)]. It can
be seen from Figure 8 that Ag and Ag  are much
larger than g, and therefore the leakage current
oi ,[n] due to conduction errors is relatively small.

Vnn-

-.-(N

_||: O:limlull Q, j|_
prm— C dn] _.__“.(.._. |
% I A ‘.‘||"|-—1—H—°P > I_l e Py
T Ol
— .,—I.'—,_.....”_'.:."..L:!:‘..
5 5,

_II:Q'"i"'I"I Q :II_

=Cu

Figure 7. Circuit operations of the proposed SI
memory cell shown in Figure 6 on the
phase® [n].

Figure 8. A resulting small-signal circuit dia
grams of Figure 6 on the phase @ [n].

Reduction in Charge Injection Errors

On the phase @ [n], as shown in Figure 7,
the switch S, is turned off causing charge-injection
errors and therefore M, generates an output error
current 81 =8I - 81 , flowing to node P, where
8l , and Ol , are error currents in Q, and Q,, respec-
tively, at node P,, as suggested in (11), (12) and
(13). However, as there is no direct presence of input
signal i to the gates of M2, ori_=0in (13), Table
2 and (12) suggests that 0l  and 81 , become DC
offset error currents, i.e.

O, = k,(6v,, ) +28v k[, (16)
D4 = 3 gs4 \/k4102 (17)

where 8V _ and I8V | are error voltages of Q, and
Q,as suggested in (5) When an equilibrium is
established, B, settles currents i [n] and i_[n] at
the drain terminals of Q, and Q, of value

. A
i [n]=1I, +( Eum

A

. Ag,
Ips [n] =1, - (Agml F Ag:2 + 8on ) [ ]+ 81D4(19)

For DC and AC signals, the instantaneous voltage
V’Pl[n] at the node P is given by
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i,[n]
Ag, +Ag, +8u (20)

V'u[n]=V,, =V, +(

On the transition phase @ [n ], the switch S,
is turned off causing charge-injection errors and
therefore M, generates a channel charge q_, and a
charge relative to overlap capacitances g, . Unlike
the charge g, described in (3), the signal-depend-
ent gate-to-source voltage of the switch S, shown
in Figure 6, however, is inherently eliminated, i.e.
v [n] =0, as the switch S has been switched at a
nearly constant voltage or a virtual ground as de-
scribed in (20) (Nrain, 1998). Therefore, the charges
q., and g, produce only a signal-independent er-
ror voltage and hence the offset output error cur-
rents 8I = Ol and O , =0l .

On the phase ®,[n+0.5], the circuit is con-
figured as shown in Figure 9 and its resulting small-
signal circuit diagrams is shown in Figure10. It can
be seen from Figure 9 that the feedback loop previ-
ously formed by A and B, is disconnected and there-
fore the memory M, is on the output phase. The
memory M, on the other hand, is now diode-con-
nected but isolated without the presence of small-
signal currents. With reference to Figures 9 and 10,
the output currents settling at the drain terminals
of the transistors Q, and Q, are equal to

Voo
= Cu

Q: . de

) Jl.:-|n~ﬂ.:\|

S, e H0.5]

L o

r.. [nH15|
QI Q‘

: Cya

i
\’NH

Figure 9. Circuit operations of the proposed SI
memory cell shown in Figure 6 on the
phase @ [n].

ioui[n+0.5]
Py E—
L 2 @ O
Aguives[n] Agmavps[n]

&

Figure 10. A resulting small-signal circuit
diagrams of Figure 9 on the output
phase @ [n].

g gfluPl

i, [n+0.5]=1, +

1)

Agu i [n]=81,, +8l
Agml + Ang + g:)Pl n b3 bl

i,[n+0.5]=1, -

Ag,, . (22)
(Agml + Ang + gE)Pl )lin[n] " 61D4 B 61D2

where the conductance g/opl is an effective output

conductance at the node P, on the phase ® [n+0.5]

and is equal to the summation of g  and additional

conductance generated by capacitive feedback
. /

effectsof M,ie g , = gopl+nglgml/(ngl+ Cgsl) +

ng2gm2/(ng2+ Cgﬁ). In addition,
8, =k, (8v,,) +28v,, k], (23)
611)2 = kZ( 5vg>2 )2 + 2|5vgs2 \ k21°‘ (24)

As memories M, and M, are identical, SID ]
8l  and dI_, = OL_, the output current i [n+0.5]
i [n+0.5] - i [n+0.5]. In other words

. Ag, +Ag, )
i,[n+0.5]=- A — |1, [n] (25)
gml + Ang + goP]
where
Ag  +Ag gom

m2 ~ 1 _
Ag, +Ag , +g'm

=1-g,
Az, +2..) (26)
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where ¢, = g/npl/ A(g,  +g ) is a signal transmis-
sion error of the proposed circuit. Unlike the errors
g, described in (15), the error ¢, is significantly
reduced by the factor of the relatively large gain A.
As aresult from (25) and (26), the current gain G of
the output current to the input current is given by

iy, [n+0.5]

i,[n]

G =

02

27

A consequent transfer function of the proposed class

AB SI memory cell in z-domain G_(z) = - I (2)/
I (2) is given by
G, =(2)=—2" (28)

It can be concluded from (28) that the sampled
output current is an inverted half-period delay with
aunity gain. In addition, all charge injection, clock-
feedthrough and conduction errors are significantly
reduced. In conclusion, the proposed SI memory
cell utilizes the use of two simple class AB SI
memory cell for storing current signals and cancel-
ing DC offset errors as well as the grounded-gate
amplifier for creating the virtual ground at the drain
terminals and hence the name "low-power low-error
single-ended virtually-grounded-drain class AB
switched-current memory cell"”

Performance Analyses

Power Consumption

Power consumption (P ) is generally de-
scribedin [W]asP =V I whereV =V -V
and [ are the DC supply voltage and the operat-
ing DC current, respectively. With reference to Fig-
ure 6, the required minimum value of V__ for the
class AB SI memories M, and M, is approximately
at 3V_ (Worapishet , 2000) assuming the absolute
threshold voltages of PMOS and NMOS transis-
tors are equal at V.. In addition, the current [ _ is
the summation of operating DC currents shown in
Table 3 (Wilcock and Hashimi, 2000). In other
words, [ =1 +1 +1 . As aresult, the power

> 'DC
consumption in the proposed circuit shown in

Figure 6 is therefore equal to

Po.=(I,+1,+1,)(V,,—V,) (29)
Sampling Frequency

The sampling frequency (F) can generally
be described in [Hz] through a séttling time of a
current transfer function in s-domain(Leelavat-
tananon, 1998). With reference to Figure 6, the cur-
rent transfer function in s-domain is given by

S
OIS
o (8) - L ! (30)
T, 1,7,
where U= % (3D

T, = Cgssgz + C(;Pls(gli + gz) (32)

M1 mMI1 + 2
2 =B (gg g) 33)

where T, and T, are time constants, a_is a DC gain,
g ., =g + g, isa total transconductance of
M,, g, is drain-to-source conductance of the switch
Q,, C,,,=C,, +C,, is atotal gate-source capaci-
tance of M and C_ is a total drain-source capa-
citances at the node P .

It is shown in (30) that the transfer function
is a second-order response with two poles consist-
ing T, and t,. For purpose of simplicity, such a
transfer function can be reduced to a single pole
with a single time constant by setting C_; = 0,C..
andC ,=0,C_  and consequently substituting into
(31) and (32) where 6, and 0, are constants.
Arranging (31) and (32) yields

7, =pr, (34)
where B =g /[(6 +0)gg +0g ] isa
constant. Upon setting B = 4 in (34) by adjusting
the value of either g, or g__and substituting T, =4t
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into (30), the transfer function is therefore

S
a —
7

(35)

It is seen from (35) that the resulting transfer func-
tion has been reduced to a single pole with a single
time constant T . As a proper settling behavior gen-
erally requires a minimum settling time of approxi-
mately 6T, for an accuracy of 0.1%; i.e. the output
current reaches 99.9% of the steady state, the maxi-
mum F_of the proposed SI memory cell shown in
Figure 6 is therefore F = 1/(67,). In other words,

_ &

T 6C (36)

glegZ

Signal-to-Noise Ratio

Signal-to-noise ratio (SNR) is typically de-
scribed in [dB] as 10log(i’,, /i’ ) where i’ and
izmise are a power of a sinusoidal input current and a
power of a total output noise current, respectively
(Hughes, 2000). On the one hand, i:gnal is typically
described by a square of 1, - i.e. izsigml = Am2/2. As
the amplitude A is practicallydetermined by mI
where m, and I are a signal modulation index and
the bias current, respectively, izsml can be alterna-

tively expressed as

(37)

On the other hand, izmiss can be described by
a total mean square of two dominant noises,
i.e.thermal and flicker noises. As the SI memory
cells are periodically switched, the flicker noise,
however, can be neglected and the total noise is
therefore dominated mainly by the thermal noise.
With reference to Figure 6, neglecting the thermal
noises generated by the switches (Eduard, 1997),the
total uncorrelated thermal noises generated by M,

M and A is izmise =(8/3)m kTg_ Af(Fakhfakh,2003)
where m is a process constant, practically ranging
from 1 to 2.5, k = 1.38x10° [J/K] is Boltz-

mannis constant, T is an absolute temperature in [K],

:
g.r = X8, is a total transconductances of all tran-

sistors that contribute the thermal noises and Af =
g ,/A4C . 1s anoise bandwidth of the memory M .
In other words,

L 2m KT +m)g’mn
lnoise 3C

(38)

gsM1

Where n = (gm3 + gm4 +gm5 +gm6 +gm7)/(gm1 + gm2) iS a
constant. As a result from (31) and (32), the SNR
of the proposed memory cell can be described as

3miZIZCgle
SNR =10log]| ———— (39)

gsM1

A Forward Difference SI Integrator

Discrete-time integrators are useful building
blocks especially for filters and sigma-delta A/D
converters. Several integrators based on SI tech-
niques have been reported including forward dif-
ference, backward difference, lossless discrete and
bilinear discrete integrators (Helfenstein, 2000). As
a particular example, Figures 11 and 12 show the
block diagram in z-domain and the circuit configu-
ration, respectively, of the forward difference inte-
grator (Loulou,2003)

D(z)

i Ip>—> 1)

Figure 11. The block diagram in z-domain of the
typical forward difference integrator.
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Figure 12. The circuit configuration of the forward
difference integrator using the proposed
low-power low-error single-ended vir
tually-grounded-drain class AB SI
memory cells.

using the proposed low-power low-error single end-
ed virtually-grounded-drain class AB SI memory
cells. As shown in Figure 11, the integrator is mainly
composed of a full-period delay cell with a transfer
function D(z) = U(z)/E(z) = z . Note that such a
delay cell can be implemented by a cascade
connection of two SI memory cells with the half

1
288 de-
scribed in (28). With reference to Figure 12, the
resulting transfer function of the integrator is H(z)

=1 (2)/1(2). In other words,

period delay transfer function, i.e. G =

z
) -7 (40)

where p is a constant. As shown in Figure 12, tran-
sistors Q, to Q_ form the first ST memory cell whilst
transistors Q, to Q,, form the second SI memory
cell. In addition, transistors Q, and Q, form a mir-
rored output with the programmable gain p deter-
mined through the aspect ratios of Qand Q. It
can be seen from Figure 12 that the proposed SI
memory cell offers an alternative to implement low-
power low-error integrator for a variety of applica-
tions.

Simulation Results

Performances of the circuits shown in Fig-
ure 6 have been simulated through Spice. Transis-
tors are modeled by Alcatel Mietic 0.5-pm CMOS
CO5MD Technology (AMC) of EUROPRACTICE.
Some typical values of the model are summarized
in Table 4. As a design example, designed DC and
AC parameters used in simulations are summarized
in Table 5. In addition, optimally designed aspect
ratios (W/L) are summarized in Table 6.

Table 4. Typical values of parameters of the 0.5-

pum CMOS technology.

Parameters Values
NMOS PMOS

Levels 49 49

Threshold voltage (V) \% 0.60 -0.61

Minimum length (L __ ) Um 0.5 0.5

Minimum Width (W ) Um 0.8 0.8

Ambient temperature (T) K’ 26 26°

Table 5. Designed parameters used in the
simulations, (a) DC values, (b) AC

values
Parameters Values
Positive power supply voltage (V) A\ 1
» Negative power supply voltage (V) vV -1
E High level clock voltage (V) v 1
£ Low level clock voltage (V) A" 0
8 B?as voltage (V,, and V) A% 1
= Bias voltage (V) v -1
~ Memory bias currents (I and 1)) LA 25
Amplifier bias currents (I, and I ) HA 10
% Amplitude of the sinusoidal input current (i, ) HA 10
= Frequency of the sinusoidal input current (f ) MHz 1

Table 6. Aspect ratios of (a) Memories M, and
M,, (b) Amplifier A and (c) Switches

of Figure 6.
Transistors | (a) M, and M, (b) A, (b)Switches
Aspect- NMOS PMOS NMOS PMOS NMOS
ratios Q1,Q3 Q2,04 Q5 Q6 Q7

W/L Um/Um 3.75/1 7.25/0.5 5/0.5 1/0.5 2.5/0.5 0.8/0.5
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Table 7 compares values of performances of
the circuit shown in Figure 6 between the analysis
and simulation. Figure 13 shows the settling be-
havior of the output current I (WA) and the rectan-
gular pulse of input current I with the amplitude
and the pulse width of 25 LA and 6 ns, respectively.
It is seen from Figure 13 that I exhibits a settl-
ingtime at 0.1 % error of 3.65 ns and therefore the
possible maximum F_is approximately at 45.6
MHz. Figure 14 depicts plots of a current transfer
curve of the input current i (LA) versus the output
current i (LA). As shown in Figure 14, the trans-
fer curve exhibits a relatively linear characteristic,
particularly ati_below 50 iLA. In addition, the maxi-
mum output signal swing is approximately 75 HA
which is larger than the operating bias current Io of
25 HA.

Table 7. Values of performances of Figure 6 from
(a) analysis and (b) simulation.

Performances Equations (a) Analysis (b) Simulation
P (29) 120 126 UW
Maximum F 30) 51.2MHz 45.6 MHz
SNR  atF =45 MHz,

f =45MHz (32) 60.3 dB 56.2 dB

atF =10 MHz,

f =1 MHz (32) 60.3 dB 59.7dB

Amplitude {pA)

365 ns
@l L1 % Erpar

Figure 13. Settling behaviors of the output cur-
rentl of Figure 6 showing the settling
time at 0.1% error of approximately
3.65 ns.

Figure 15 depicts plots of a DC offset output current
error (WLA) versus the input current i (WA) where the
dotted lines indicate the ideal values as well as the
solid lines indicate the Spice analysis. As shown in
Figure 16, the DC offset current errors are less than
0.75 LA over the input current in the region of 0 of 25
UA. Figure 16 illustrates waveforms of the sampled
output current i (inverted) and the sinusoidal input
current iin at F = 10 MHz and f = 1 MHz, respec-
tively. It is clearly seen from Figure 16 thati  readily
follows the expected function, i.e. a half-period de-
lay, with a unity current gain.

07 s
Ideal Transfer Characteristics .
Bl

7 L -

. e
b .s=""E Simulated Transfer Characieristics
] A

o

Output Carrent (nA)
E

T T r T T T
0 W I M 46 S G0 T 0 W 160
Inpnt Current (A}

Figure 14. Plots of the current transfer curve of
the output current I in (LA) versus
the input current I (LA) of Figure 6.
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i

e [ |
I Input Current (pA

Figure 15. Plots of the DC offset current errors
(nA) versus the input current I (LA)
of Figure 6.
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Amplitude (uA)

Time {ns)

Figure 16. The waveforms of the sampled
output current i (inverted) and the
sinusoidal input current iin at F =10
MHz and f_ =1 MHz, respectively.

Figure 17 shows the power spectrum levels
(dB) of the fundamental frequency at IMHz, the har-
monics and the spurious tones of the sampled output
current iout previously depicted in Figure 16 using a
2048-point Fast Fourier Transform (FFT). As shown
in Figure 17, the distortions are due mainly to the pres-
ence of the second harmonics and the largest spuri-
ous tone. Consequently, a signal-to-distortion ratio
(SDR) defined as the difference of the fundamental
frequency and the highest harmonic (Renyuan and
Chin-Long , 1998) is 61 dB. In addition, the spurious
free dynamic range (SFDR) defined as the difference
of the fundamental frequency and the largest spuri-
ous tone (Jacob, 2002) is 73 dB.Figure 18 depicts the
input and output current waveforms with 90° degree
phase difference of the forward difference integrator
shown in Figure 11.

Comparisons

Table 8 particularly compares the simulation
results between this paper and other proposed SI
memory cells employing either (a) class A or (b)
class AB techniques. In terms of performances,this
paper offers a low power consumption of 120 uW
at the bias current of 25 JA and the supply voltage
of 2V using 0.5-um CMOS technology. The mini-
mum transmission and DC offset errors are less than
0.025 and 0.75 pA, respectively. With the optimal
design of the aspect ratios, the optimal sampling
frequency is at 45.6 MHz. The SNR, SDR and SF

DR are 59.7 dB, 61 dB and 73 dB,respectively. The
THD is less than 0.4%.

In terms of circuit design, the proposed tech-
nique, i.e. the use of a simple class AB SI memory
cell and a grounded-gate amplifier, reduces both
signal-dependent and signal-independent errors
caused by charge-injection and conduction errors.
In addition, no external capacitors, complicated 3or
4 clock phases and large differential circuitry are
required. This work therefore offers not only much
better performance compared to those SI memory
cells using either class A or class AB techniques
but also a potential alternative to a low-power low
error SI memory cell with the simple single-ended
configuration and two-phase clock scheme.

[ - T
-4 i
=24
a0
404 |
304 SFDR = - 73 dB

604 : |
T4 |
50

904
=1 =

F,= 1M Hz

T = 1 MHz

SIFR = - h] dli

Magnitude (dB)

1 2 3 4 5 f 7
Frequency ( MEz)

Figure 17. Power spectrum through 2048-point
FFT of the sampled output current
waveform previously depicted in
Figure 16 demonstrating SDR = 61 dB
and SFDR =71 dB.

Amplitude (pA)

i | 51 51.5 52
Time (ps)

Figure 18. The input and output current wave
forms with 90’ degree phase difference
of the forward difference integrator
depicted in Figurel3.
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Conclusions

A low-power low-error single-ended virtu-
ally-grounded-drain class AB switched-current
memory cell has been presented. The proposed cir-
cuit is relatively simple based on a basic class AB
SI memory cell and a level-shifted grounded-gate
amplifier. No large differential circuitry and com-
plicated clocking schemes are required. All charge-
injection,clock-feedthrough and conduction errors
are reduced. As a design example using 0.5- um
CMOS technology, the power consumption is 120
UW at the bias current of 25 yA and supply voltage
of 2V. The optimalsampling frequency is at
45MHz.The The SNR, SDR and SFDR are 59.7
dB, 61 dB and73 dB,respectively.The total har-
monic distortion is less than 0.4%. The transmis-
sion gain and the DC offset current errors are less
than 0.025 and 0.75 pA respectively. Demonstra-
tions of a forward difference integrator and com-
parisons to other approaches are also presented.
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