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CHAPTER 5

Comparator

With the rapid development of integrated circuit, the mixed-signal integrated
system, especially the VLSI chip represented by System-On-Chip (SoC), has a large
number of analog-to-digital converters, automatic gain control loops ( AGC), peak
detectors and other circuits. As a key module in these circuits,comparators have been an
important circuit module in academia and industry. Their speed, power consumption,
noise, offset voltage and other performances play a crucial role in the speed,accuracy and

power consumption of the whole system.

5.1 Basis of comparator

The main function of comparator circuit is to compare an analog signal with another
or reference signal,and output it to get the high and low voltage as binary signal through
comparison processing. In the ideal case, when the difference between positive and
negative inputs of comparator is positive, the output is high(V ;). And when the input
difference is negative,the comparator output is low (V, ). The ideal transfer curve of
comparator is shown in Fig.5.1,where V, is the inverse input, V', is the inverse input.
And the maximum and minimum value of comparator output is defined as V ,; and V.
respectively. In practical circuit, V; and V, usually correspond to the power supply
voltage and the ground voltage respectively.
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Fig. 5.1 The ideal transfer curve of comparator
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When the voltage difference between two input is zero, the comparator output will
not change. Actually comparators can not identify the tiny voltage difference without
limitation. Due to the limitation of finite gain, there is usually a minimum resolvable
voltage difference,which is called the accuracy(or resolution) of comparators. Figure 5.2
shows the transfer curve of a finite-gain comparator.
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Fig. 5.2 The transfer curve of a finite-gain comparator

The V; and V; are the input voltage difference V, =V, required by the output to
reach the upper limit and the lower limit, which is the accuracy (resolution) of the

comparator.

5.2 Parameter

The comparator parameters include two aspects of static and dynamic
characteristics. The static characteristics include gain, resolution, offset voltage,etc. The
dynamic characteristics mainly include the operating characteristics of small and large
signals. The specific definitions of the various parameters are given below.

1. Resolution

Resolution is the minimum input voltage difference that can produce correct digital
output. In some analog-to-digital converters, such as Flash ADC and successive
approximation analog-to-digital converter,the comparator resolution directly determines
the Effective Number Of Bit(ENOB) of ADC. The main factors affecting the resolution
are noise,gain and the input offset voltage. The influence of offset voltage is the most

serious,and it is mainly restricted by the CMOS technology. The definition is expressed:
N (5-1)

where A, is the comparator gain, that is the slope of transition curve, whose
expression is
7V()H —Vou

A, =
VIH - VIL

(5-2)

2. Delay

The delay is generally defined as the time difference between the input analog signal
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and the output digital signal. This parameter determines the maximum operating
frequency of comparator.

3. Slew rate

The delay of comparator varies with the change of input amplitude,and the larger
input will make the delay shorter. When the input is increased to an upper limit that will
not affect the delay,the voltage change rate is called slew rate.

4. Kick-back noise

Kick-back noise refers to the noise generated by digital output to the input analog
signal. The noise is usually caused by charge feedback.

5. Vs Vos)

The input offset voltage is produced by the mismatch of input differential MOS
transistors or process. The MOS device shows a more serious input offset voltage than the
BJT transistor. And the input offset voltage is also an important factor affecting the
resolution of comparator. It is defined as: if the two input of comparator are connected
to the same voltage value, the output is the offset voltage. The transfer curve of
comparator introduced into the input offset voltage is shown in Fig.5.3.
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Fig. 5.3 The transfer curve of comparator introduced

into the input offset voltage

6. Input common mode range

The input common mode range is the difference range of input voltage that the
comparator can continuously distinguish. This characteristic is also one of the important
characteristics of comparator.

7. Differential input voltage range

The differential input voltage range is defined as the maximum voltage allowed by
the two input of comparator.

8. Output swing

The comparator outputs positive voltage when the inphase input voltage is greater
than the negative input. The output swing is determined by the differential amplifier and

the bias network within comparator.and it is also affected by the power supply voltage.
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5.3 Characteristic analysis

The analysis of the comparator mainly divided into static and dynamic characteristic
analysis. The following is the specific analysis.

1. Static characteristics analysis

The gain of the actual comparator is defined as A, = (Voy = Vo )/ Vi = Vs
which is a finite value. V ;;; and V; are the inphase and inverse input voltages required
for the output to reach the upper and the lower limit. Vo, and V; are the output high
and low voltage respectively. The gain is usually considered a function of its input signal.
In structure,there are a variety of ways to improve its gain value. It is commonly used to
add a or multi-stage pre-amplifier before the comparator; and add a inverter after the
comparator to pull the output to the supply voltage or ground.

The resolution is the difference between the smallest input signal that the
comparator can distinguish. It can be seen that the relationship between the resolution
and the gain is very close,and the high resolution comparator circuit also means that its
gain is higher.

The gain of an ideal comparator can be considered infinitely large,that is, when the
input crosses zero,the output is changing. But the actual situation is that only when the
input differential voltage reaches a certain voltage Vg ,the output starts to change. The
voltage V¢ at this time is the input offset voltage. For the input offset voltage, the
mismatch introduced in production process and the change of environment are the main
reasons.

For the offset of technological deviation and environmental change,the magnitude
of input offset voltage is often stochastic, and the polarity of its voltage is also
unpredictable and drift along with temperature. In comparator circuit design,the impact
of the offset voltage can be reduced by introducing an input or output offset storage
technology.

In the common mode input range,the comparator input can be processed to output
the right digital code, that is, the input transistors are in the normal operating state. At
this point,the resolution and the input offset voltage can be considered as a function of
the input common mode range.

2. Dynamic analysis

To analyze the dynamic characteristics, the small-signal and the large-signal
characteristics of comparator will be discussed. First, when the input signal is small, the
analysis is done by the small-signal analysis method. While the input signal increases,the
delay decreases. Until the input amplitude increases to a certain extent,even if the input
signal continues to increase,the delay will no longer change. The voltage change rate at

this time is called Slew Rate (SR). As the input signal continues to increase, the
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comparator eventually enters the large-signal mode. In these two operating mode, the
determinants of comparator’s delay are different. In general analysis, in small-signal
mode,the larger input amplitude and higher gain will shorten the delay time.

For small-signal behavior,the delay is mainly caused by the nonlinear characteristics
of circuit. For large-signal behavior, SR is mainly limited by the output driving capacity,
which is shown as the charge and discharge speed of load capacitor. In comparator design,if the
delay of jitter is required smaller, we should make SR a major determinant, and avoid the
influence of zero/pole in signal frequency range. Then the delay can be expressed as

S Von — Vo
’ 2+ SR

Therefore, in order to reduce the delay, it is necessary to increase the current

(5-3)

capacity and SR of comparator. It also means that there is a certain tradeoff between the

power and speed.

5.4 Comparator structure

From the principle of operation, all comparators can be regarded as the different
applications of amplifier. So it can be divided into two basic structures: open-loop and
closed-loop. A high-gain OPA in open-loop state is a high-resolution comparator,and the
hysteresis comparator and latch circuit is closed-loop amplifier with positive feedback.

From the aspect of power consumption, comparator includes static and dynamic
comparator. The main difference between the two is that the static comparator consumes
a certain static power. While the static power consumption of dynamic comparator is
zero,and it only consumes the dynamic power dissipation.

According to the principle of operation,the comparator circuit can also be divided
into the open-loop comparator and the regeneration comparator. Based on circuit
structure,it consists of single-end output and differential-output structure. In design,it is
more reasonable to choose the corresponding comparator circuit structure according to
the application scene. The following is a brief introduction to open-loop comparator and
dynamic comparator.

1. Open-loop comparator

The open-loop comparator is realized by open-loop amplifier. Such comparators do
not need frequency compensation, so that the maximum bandwidth can be obtained.
Meanwhile in theory, a relatively fast response time can be acquired. This comparator
can be classified into a single-stage high-gain comparator and a low-gain multi-stage
cascade comparator according to the amplifier structure.

The comparator formed by open-loop single-stage amplifier mainly depends on the
amplifier’s high-gain to enlarge the input differential signal to supply voltage and

ground,so as to output digital code “1” and “0”. This comparator does not have feedback
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and circuit structure is simple. However, it can not be used in high-resolution systems
because of its poor performance of offset voltage,setup time,and slew rate. And because
the DC gain is high,and the bandwidth is small, the setup time is relatively long,which is
generally suitable for single-pole system and small-signal input application.

Considering the setup time,if we want to increase the comparison speed, we need to
increase the dominant pole frequency of amplifier and ensure its original unit gain
bandwidth unchanged. This method usually sacrifices a certain DC gain. In order to
compensate for the decrease of DC gain, multi low-gain amplifiers can be cascaded to
form a comparator circuit.

2. Dynamic comparator

The dynamic comparator is mainly divided into the resistor-divider comparator,the
differential-pairs comparator and the charge-distribution comparator. Other kinds of
comparators are usually improved on the basis of these comparators.

The structure of resistor-divider comparator is shown in Fig.5.4. The transistors
M1~M4 operates in the linear region, which is equivalent to the voltage-control resistor.
It can adjust the threshold voltage of comparator by changing its resistance value,and the
M5~M12 forms the latch. Assuming the length of M1~ M4 are the same,and W, =
Wy=W,,W;=W, = W,,the threshold of comparator is
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Fig. 5.4 The resistor-divider comparator

In this structure, the offset is mainly affected by M1~M4,and the effect of M5 and
M6 on offset is relatively small. Because of the smaller size of transistors and the input
transistors which have a large impact on offset operating in linear region, the structure
has a larger offset. At the same time,since the large output changes has less effect on
M1~M4 drain,this circuit is with low kick-back noise.

The differential-pairs comparator structure,as shown in Fig.5.5,is composed of two
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cross-coupled differential pairs with a switch-controlled current source and a latch. The
threshold can be set by introducing the imbalance of coupled pairs. Assuming that the length of
M1 ~ M4 are equal and W, = W,, W, = W, ,then the current of coupled pairs is expressed as

B B 21 - 2 i
Ipy —1Ipy, =BV, 3 L (5-5)
1
21
Ipy —Ip; =BV, BD6 *Vif (5-6)
3

where B, = (1/2)pC, (W, /L), V, =V, =V, .V =V~ V. . When I, =
Iy +1p5 equals I, =1p, + I, ,The state of comparator changes.

The offset voltage is mainly influenced by M1~M4. But its offset is smaller than the
resistor-divider comparator. Unlike resistor-divider comparator,the large output changes

has more effect on M1~M4 drain,so it generates high kick-back noise.
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Fig. 5.5 The differential-pairs comparator

The charge-distribution comparator is demonstrated in Fig.5.6. Its operating principle is

as follows: when latch is high,the gate of M1 and MZ2 is connected to ground. C;, and
C,. are charged by V,;, and V,, respectively. At this time, the charge in C,;, is Q;, =
Vig* Ciprand C,pis Q,p =V, » C,p. Since latch is low, M3 is cut-off, and M6, M9
turns on,which set V_,, and V_, as VDD and the latch circuit keeps the value of last
judge. Meanwhile,M4 and M5 turns on that connects the drain of M1.M2Z to VDD. After
that latch changes to high, the bottom plate of C;, and C,, connects to ground.

According to the principle of conservation of charge:

Vs Co+V, o Cp=V_«(C,+C,») (5-7)
vy G +V _Crr (5-8)
- incm + Crej’ rofcm + Cref —

When latch is high,the gate voltage of M1 is:

V+ :V+ (’in +V+ Cref

in C . + C ref ref Cim + C o ( 5’9 )
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Fig. 5.6 The charge-distribution comparator

the input differential voltage of M1,M2 is:

Cin ("ref
V=V, C.orC.. C.., —V,.r C.1C.. C., (5-10)
where V,, =V, -V, , Vier = V,t,f = V- At this moment, M3 turns on.,and the

gate voltage difference between M1 and MZ causes their drain to generate voltage
difference,so that the flip flops composed of M4~M?7 turn over and output signals. From
the above analysis, when the differential input voltage is zero,the comparator start to
work . thus the threshold is
Cror
Vg =—V,.p C—z (5-11)
By setting the ratio of C;, and C,,;,the threshold of comparator can be adjusted.
The offset of the structure is mainly determined by the mismatch of input differential
pairs and the deviation of capacitance ratio. Besides kick-back noise, the error in the
input switches is caused by charge injection.

The performance of these three kinds of dynamic comparator circuits is compared in

Table 5.1.
Table5.1 Performance comparison
Category Offset Kick-back noise Speed Area Power
the resistor-divider large small slow small small
The differential-pairs small large fast medium medium
The charge-distribution small medium large large large
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5.5 Basis of schmitt trigger

Schmitt trigger is actually a special comparator circuit that contains positive
feedback. For standard Schmitt trigger, when the input voltage is higher than the
forward threshold, the output is high; when the input voltage is below the negative
threshold, the output is low; while the input is between positive and negative threshold,
the output will not change. That is,when the output turns from high to low,or from low
to high,the threshold is different. The output will change only when the input voltage
varies enough,so this circuit is named as a trigger. This double-threshold action is called
hysteresis,indicating the memory of Schmidt trigger. In essence, Schmitt trigger can be
considered a bistable multivibrator.

Schmitt trigger can be used as a waveform shaping circuit to shape the analog signal
waveform into square wave that the digital circuit can handle. Moreover, because Schmitt
trigger has hysteretic characteristics, its applications include anti-disturbance in open-
loop configuration, and realization of multivibrator in closed-loop positive feedback
configuration. Schmidt trigger is divided into two kinds: non-reverse Schmidt trigger and
reverse Schmidt trigger. The symbol and voltage transmission characteristics are shown in
Fig.5.7(a) and(b).
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(a) non-reverse Schmidt trigger (b) reverse Schmidt trigger

Fig. 5.7 The symbol and voltage transmission characteristics of two

kinds of Schmidt trigger

In the discrete device system, Schmidt trigger circuit is usually built by an
operational amplifier. In CMOS integrated circuits,Schmidt trigger are made up of only a
few NMOS and PMOS transistors, a typical Schmidt trigger is shown in Fig.5.8. The
Schmidt trigger contains two similar sub-circuit structures (M1, M2, M3 and M4, M5,
M6) . Each sub-circuit can be regarded as a nonlinear load of another sub-circuit. But
when it is in the working state,that is.at the transition point,each of the sub-circuits can

be regarded as the linear resistor load of the other sub-circuit.
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Fig. 5.8 Schmidt trigger

1. The current-voltage characteristics

In the circuit of Fig.5.8,the bottom circuit M1,M2,M3(which is called here the N-
subcircuit) ,is loaded by the top circuit, M4, M5, M6 (P-subcircuit) . To obtain the voltage-
current characteristics of these nonlinear loads, one can take, for example, the N-
subcircuit,apply a voltage source V,,and calculate the source current [, assuming a
constant voltage V at the gates of M1 and M2(Fig.5.9)
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Fig. 5.9 Half equivalent circuit

When the voltage V,, is very small,transistor M3 will be off,and M1 and M2 are in
the triode mode of operation. The current [ is equal to
Iy=2k,(V; =V O)Vy (5-12)
where Vg, is the threshold of NMOS, V, — V,y is the overdrive voltage. if one
considers transistor M1,or:
I, =2k, (V; —Vy =V OV =V ) (5-13)
In (5-12) and (5-13), it is assumed that V; > Vy, For the triode mode of
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operation, V <<V ;v sand (5-13) can be simplified to:
Iy =2k, (Vi =V )(Vy —=Viy) (5-14)
so from(5-12) and (5-14) ,we can get:

ko
V=V, s (5-15)
o Zk‘kzk(l‘/ihVTN') -V, (5-16)
from(5-16) the equivalent resistance is:
aI,7 ! kARG
—M T2V, Vi i

It is seen from(5-15) and (5-17) that,in this part of the subcircuit operation, transistors
M1 and M2 may be considered as a series connection of two resistors.
When V, increases, M2 enters into saturation. Then I is determined,depending on

the considered transistor,or by

I, =2k [V, =V — (V/2)IVy (5-18)
or: Iy=k,(Vg—=Vy=V)© (5-19)
from(5-18) and (5-19) one can find that
k
V=WV, -V, )(17 ! ) (5-20)
N C TN k] +k2

from (5-20) when the voltage V|, achieves the value of V, = V; — V sthe current I,
becomes constant and equal to
kik,
ION :kl +k2

Yet, an additional increase of V|, will gradually introduce some changes. When V|

| ki
VOT :VG - (VG 7VTN) m (5*22)

Then transistor M3 will be turned on, V starts to increase again,and the current [ is

(Vi — V)P (5-21)

achieves the value of

diminishing. When V, becomes equal to
Vo=V + Ve =V Ve /R, (5-23)
transistor M2 will be completely turned off and I, becomes equal to zero. At this instant,

voltage V will be equal to V = V,; —

bs

V,ysand M1 is entering into saturation.
Transistor M1 carries the current

Iy =k (Vi =V )F (5-24)
which is completely intercepted by M3. Additional increase of V, up to Vp, does not
bring any changes and completes the current-voltage characteristic of the N-subcircuit.
The analysis of current-voltage characteristics of the N-subcircuit is shown in Fig.5.10.

Now the design problem can be formulated graphically [Fig.5.11]. Assuming that
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the trigger transition from one stable state to another takes place when the gate voltage
has a required threshold value V,; ;and allowing a current Al to flow at this instant in
the transistors M1,M2,M3,and M4 ,one has to find and superimpose the current-voltage
characteristics of the two subcircuits so that only one unstable intersection point exists. A
similar condition is then applied for another transition point,characterized by another
required threshold voltage V; . The characteristics shown in Fig.5.10 help to analyze the

trigger behavior near the transition point and to apply it to the circuit of Fig.5.8.
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Flg. 5.10 current Vohage characteristics of Fig. 511

The design problem

the N-subcircuit

2. Threshold design

First it is assuming that the input V' ; =0 in Fig.5.9. Then transistors M1 and M2 are
off. Transistors M4 and Ms are in the linear mode of operation, but the voltage drop at
each is zero because the current in M4 and Ms is equal to the current in M1 and M2. The
output voltage V| is equal to V,, . Transistor M3 is on(its drain and gate have the same
voltage of V ,,)but it also does not carry any current.

When V; rises above V ; stransistor M1 turns on and starts to conduct. The current of M1
is determined by (5-24) .1t is completely intercepted by M3, and the condition of the transistors
in the P-subcircuit does not change. However,the potential V  is starting to decrease.

The trigger operation starts when the voltage V arrives at the value of V ;. At this
point,due to simultaneous increase of V; and decrease of V y .transistor M2 turns on. It
is not difficult to see that if in (5-23) one substitutes V ,; in stead of V, (the gate of M3
is still at V p)and V; instead of V ; ,one obtains the required relationship between the

transistor parameters to start the triggering operation. It can be rewritten as

k V,. —V., \?2
L (7‘“ i ) (5-25)
ks Vi = Vi
By the same reasoning,one obtains that the condition:
ky Vi ’
i & ) (5-26)
kg Vi — Vi — ‘VTP ‘

The voltages V; and V; considered as true thresholds of the CMOS Schmitt
trigger. However,in effect, V; and V;; only function at the beginning of the triggering
operation. The real triggering occurs at close but different voltages V, and V, . The
difference depends on choice of the parameters k, and k5 ,and can be estimated as follows.

The transition from one stable state to another in the Schmitt trigger is.indeed,very

fast,and one can consider that during it the trigger input voltage does not change and
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stays at V,, for the considered transition of the output voltage from high to low. When
M?2 is turned on,the trigger starts to operate as a linear circuit with positive feedback.
Transistors M4 and M5 are in a linear mode of operation, and the trigger can be
represented as the linear circuit shown in Fig.5.12(a). The current of M1 is
Iy =k (Vi = V) =k (Vi —Vop)? (5-27)
The trigger load is
kzl +k;l
Rir :Z(Vdd Vi = Vip D (728
The small-signal model for this part of trigger operation is shown in Fig.5.12(b). The

loop-transfer function for this circuit is
A _gm.'%RLP(ngrOI +1)
- (g1)12+gm3)r01+1

where r(, is the output impedance of M1 that is operating in the saturation region.

(5-29)

(a)

Fig.5.12 Schmitt trigger during transition: (a) equivalent circuit and(b) small-signal model

At the moment of the output voltage jump from high to low, this loop transfer

function becomes equal to unity. Assuming g,,, 7, >>1 and there is

R
LP =1 (5-30)

—1 —1 —1
8 m2 + 8 m3 +(r01 ngng)

The current of M1 at this instant is divided between M2 and M3 into two parts Al and

I vy — AT so that the transconductance of the corresponding transistors are

G2 =24/A1 « kb, (5-31)
Gy =25/ Uy —AD) c by =2,/ * ky (5-32)
the(5-30) can be simplified as:

Sur T 8,5 ~Rpp (5-33)
put(5-31) and (5-32) into (5-30),with (5-27) and (5-28) can get:
L[ R | -
Al =k, —
Ve =V = [Vip | Vi —Von) Sk kg

Al depends on k, and k5. We can estimate the difference between V,; and V. In fact,

(5-34)

when the transition starts one has the input voltage of V, transistor M2 has zero
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current,transistor M3 carries the current of I, .and the trigger output voltage is equal
to V,, -Just before the output voltage jump,one has the input voltage of V ,transistor
M2 has the current of Al,M3 carries the current of I,; — Al,and the output voltage
drops to V,; = AIR,;, . Using these conditions,it is easy to find that

AT
AV, =V, — Vi~ /E — AIR (5-35)

If transistor M3 is very wide we can use the approximation
— (Vdd — Vo — Vip |)2

Al . E—— (5-36)
ky(ky + ks
if AIR;p is neglected,put (5-36) into (5-35),finally we can obtain
Vi =V i *| \% ‘
AV, ~ 20 = (5-37)

kok, ko k!
Using the same method, considering the transition of the output voltage from low to
high,we can get:

Vi —Vain
ok kgky
The values given by(5-37) and (5-38) can be considered as the worst case deflections of
the thresholds. It is seen that to reduce AV, and AV, , the ratio k,/k; should be kept

constant and each of k,/k, and k;/k, should be increased simultancously. Equations (5-37)

AV, =V, =V, = (5-38)

and (5-38) provide necessary information for the CMOS Schmitt trigger design.

5.6 Technical words and phrases

5.6.1 Terminology

System-On-Chip(SoC) R LERS
automatic gain control loops(AGC) 1 234 £5 7 il 21 B
peak detector g 1 A 00 45
resolution Pag i

kick-back noise [u] 85 Mg 7

input common mode range iy A\ AR
output swing LIRS )
hysteresis comparator USRI

latch B &%

Schmitt trigger Jite % il & 2%
bistable multivibrator WS Z IR o

5.6.2 Note to the text

(1> The main function of comparator circuit is to compare an analog signal with

another or reference signal.and output it to get the high and low voltage as binary signal
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through comparison processing.
LA as i B FE I REAE TH — DG 5 5 5 — DEHUE S8 S B 5 Tt X,
I Hh 220 A Ak BT B AR R A O RS S

(2) Actually comparators can not identify the tiny voltage difference without
limitation. Due to the limitation of finite gain, there is usually a minimum resolvable
voltage difference,which is called the accuracy(or resolution) of comparators.

TE S BR L B v PO I A BE TIC PR ] 3t 23 B /0N ) R T 2 031 oy T A R 4 1 BRI 7
TEAFAE— >t /N a] o3 B F TR 22 L S PR O LU AE s BOORS JBE (il oy 930

(3) The delay is generally defined as the time difference between the input analog
signal and the output digital signal. This parameter determines the maximum operating
frequency of comparator.

2 i 4 3R I 18] — B E SO iy AU 5 5 a0 RO (5 S Z R IR 22 . RS EORE T
PO AE A B B e AR

(4) It can be seen that the relationship between the resolution and the gain is very
close,and the high resolution and high precision comparator circuit also means that its
gain is higher.

HT G TT UL o e B 1 23 B8 A 2 22 ) 1) 5C AR AR 0 B8 v 20 30 s 32 LA v B e

(5) A high-gain OPA in open-loop state is a high-resolution comparator, and the
hysteresis comparator and latch circuit is closed-loop amplifier with positive feedback.

— At M A A28 SR A AR T T BRI — > R PR LA L TS i LA
IR i HL S JU) S AT 1 S 45 1) AL B TSR %

(6) The open-loop comparator is realized by open-loop amplifier. Such comparators
do not need frequency compensation,so that the maximum bandwidth can be obtained.
Meanwhile in theory,a relatively fast response time can be acquired.

T IR HE A B AR R DU 45 B0 0 0 07 P A g FEAS LU 50 48 Fi B, T 2K LU A AN 75 200
FAMEE AT LAFRAS S AT BE KA1 58 . B8 bt st ] LUGRAT AR T BE A8 R Ay i EE g oz B 1)

(7) This double-threshold action is called hysteresis, indicating the memory of
Schmidt trigger. In essence,Schmitt trigger can be considered a bistable multivibrator.

X b XS (L 8V B PR kg 38 T B R 3 T 3 A i 5 @ A AP o AR T b oA 3 e 7 o
fih 2 gt ] LI O S — B WU S 2 1 iR G A



