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Abstract

Noise in electrical systems is unavoidable. In a digital system, the main concern is that
the noise has to be controlled so as not to cause a false switch, which would result in
system malfunction. ECL circuits are faster than most other circuit families because they
use a smaler logic swing. Unfortunately, circuits using small logic swings also have
small DC noise margins. To specify an appropriate logic swing for ECL circuits, desig-
ners must first identify all of the DC noise sources. In this report we analyze various
kinds of DC noise sources and provide design techniques to minimize them, especially
for high power, high density ECL integrated circuits.
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1. Introduction
Noise in electrical systems is unavoidable. In a digital system, the main concern is that the noise has to
be controlled so as not to cause afalse switch resulting in system malfunction.

Noise margins are different for different circuit families. For example, the noise margin in CMOS is
much better than that in NMOS circuitry because of the better transfer characteristic which results from
replacing the depletion FET with a PFET. Because of the larger voltage swing, the MOS circuit families
have in general much better noise margins than the ECL circuit family. Roughly speaking, the voltage
swing ratio between MOS and ECL is about 10 to 1. In MOS circuit families the power consumption is
mainly AC, especially in CMOS, while in the ECL circuit family DC power is the main concern. For a
high power single chip ECL processor, the noise problem is further exacerbated by the high DC current
demand. The immediate problem that arises is the IR drop on the power bus which in fact is the single
most important Noise source.

In this document, the noise margin definition, DC noise margin for ECL gates, and noise sources in the
ECL environment will be discussed.

2. DC Noise Margin

In this chapter, our definition of noise immunity and unity gain noise margin will be introduced. The
interpretation of noise margin in terms of the transfer curve of abasic gateis aso discussed. Specificaly,
the transfer equation for abasic ECL gate is derived and the noise margin variation is discussed.

2.1. Definition

Noise immunity is defined as the amount of noise required at the input of the first receiving gate to cause a
false switch in the subsequent gates of an infinite chain. Thisis depicted in Figure 2-1(a). For example,
the noise immunity of a chip input receiver isthe amount of cross talk, ringing, etc. that can be tolerated
on the board without causing a false switch of the receiver. Since the output of areceiver is often latched,
one can consider the infinite chain being replaced by the latch.

As depicted in Figure 2-1(b), noise margin is defined as the amount of noise required on the inputs of
each gate of an infinite chain of gates that eventually causes a false switch down the chain. The dif-
ference here is that the noises are at the inputs of al gates, not just the first one.
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Figure2-1: Aninfinite chain of gates defining (@) noise immunity and (b) noise margin

Noise immunity is aways larger than noise margin, since it only guarantees that the first receiving gate
will not false switch. Noise margin more conservatively considers the cumulative effect of noise at the
inputs to each gate. In practice, noise margin is a better measure. In this report we will concentrate
mainly on DC noise margin. Keeping the DC noise within the noise margin guarantees functional cir-
cuits.

Figure 2-2 shows the transfer relation of a non-inverting gate. Both y(x), x(y), and x=y are plotted. Noise
margin is defined as the distance in x (or y) from the slope-of-one point of y(x) (or x(y)) to the y=x line.
Since y(x) and x(y) are symmetric with respect to the y=x line, a different way of saying thisis that the
edge of the largest square that can be fit into the lobes defines the noise margin. In Figure 2-3, it is
demonstrated that this is in fact the same definition as depicted in Figure 2-1(b). A similar definition
existsfor an inverting gate by simply rotating the diagram 90 degrees.

Assume V,, in Figure 2-1(b) equals the noise margin (NM). As shown in Figure 2-3, starting from the
first input x at perfect high level and subtract NM to xo’ which is the input level as seen by the gate, the
output is obtained at y, through the transfer curve y(x). Sincey, is again degraded by NM, yl’ is seen at
the next input gate and X, is obtained through the transfer curve x(y). Going down the paths, it eventually
converges to a loop which starts at x,,,, the slope-of-one point of x(y), to in" the slope-of-one point of
Y(X), 10 Yore1: 10 Yoneq and returnsto x,,,. If V., is greater than NM, it will converge to the low side after
some number of gates and cause afalse switch.

A similar construction can be made for inverting gates. The derivation up to this point is completely
general and can be applied to any circuit family. This completes the definition of noise margin.
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Figure2-2: Thetransfer curve of anon-inverting gate

2.2. A Basic ECL Gate

A basic ECL gate structure is shown in Figure 2-4.

Let us define the normalized input, x, output, y, and voltage swing, s, as

V. —V
X = in ref, (1)
V1
vV, —Io*xR.
y=v—°= °V , @)
T T
and
v, -l x
o= o TR 3
vy vy

where vy is the thermal voltage and others are obviousin Figure 2-4.
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Figure2-3: Thetransfer paths of a series of hon-inverting gates
each having a noise source equal to NM

In the simplest approximation, |, and | _ can be expressed as

I, =1 exp (—\6’62), 4
T

|, =l exp (?). )
T

The ratio of the two output currents becomes

I;o = exp (MZ) =exp Vref) = exp(X). (6)

Io T T

Vin ~
(

Since the outputs are connected to bases of either the emitter followers in the ECL configuration or the
next gate in the CML configuration, the base currents are negligible. Hence,

=1+ 1. @)
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Figure2-4: A basic ECL gate

From Equations (7) and (6), we get

ly

T Trep() ®)
From Equations (2), (3) and (8), the transfer equation is derived as

y:ﬁs’pm. 9)
The slope of the curve, which isthe gain of the gate, can be derived as

c=- > (10)

Tdx exp(-X) +2+ exp(x) |

Plotting the transfer curve and the gain with both y and x normalized to s, universal transfer curves for the
basic ECL gate are obtained for two different normalized voltage swings, sl and s2, as shown in Figure
2-5.

Note that both the transfer curve and its derivative, the gain, depend only on s, the voltage swing which is
normalized to the thermal voltage v. The larger the voltage swing, the narrower the transition region, the
higher the voltage gain at threshold (x=0) and, obviously, the larger the noise margin.

To derive the noise margin as a function of the voltage swing, we replot the transfer curve of a non-
inverting gate in Figure 2-6 with the geometrical representations of noise margins. Setting G, the gain, to
one we get

X' =In(s-2) and x/=-In(s-2) (11)

assuming that
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Figure 2-5: Thetransfer curve and the gain of a non-inverting gate
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with the geometrical representations of noise margins
_y h |
2>>7%5 and 2>>eXg. (12)

The superscripts indicate whether the logic level is either high or low.

Combining Equations (11) and (12), this assumption can be reduced to
s>> 25, (13)

For all practical purposes, thisis awaystrue. For example, for 125 ° C and a voltage swing of 500 mV, s
~ 14.58, one sees that Equation (13) is well satisfied. Since the transfer curve is symmetric, we shall
derive the high noise margin only. From Figure 2-6, the high noise margin is smply

NMhzg—a—b, (14)

where a=|y(x" | =STS1 from Equation (9), and b=x"=In(s-2). Thus,

NMhzxth—xgh:g—%— In(s-2). (15)
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Similar derivation for the low noise margin, NM!, yields the same formula.

2.3. Noise Margin Variation

As pointed out in the previous section, noise margin for an ECL gate is only a function of the normalized
voltage swing. Noise margin will only vary through variations of the normalized voltage swing.

The derivative of high noise margin with respect to sis

h
ds 2 (s-1)?2 s2

Equations (15) and (16) are plotted in Figures 2-7 and 2-8 respectively. Once the voltage swing of an

ECL differential pair is known, the noise margin and its derivative with respect to the swing can be easily
determined from the plots.

12

10

NM, normalized noise margin
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0
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s, normalized voltage swing

Figure2-7: Normalized noise margin versus nhormalized voltage swing

Table 2-1 tabulates the noise margin at selected temperatures and voltage swings. It is clear from the
derivative plot that noise margin increases ailmost linearly as the voltage swing increases.
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Figure2-8: Derivative of normalized noise margin versus normalized voltage swing

Noise Margin [mV]

Voltage Swing [mV]

400 500 600 750 850 vy [mV]
o 0 111 156 201 271 317 23.53
o 27 105 149 194 263 310 25.85
§ 85 93 135 179 247 308 30.58
% 125 85 126 169 236 282 34.30
" 155 79 120 162 229 274 36.58

Table2-1: Noise margin for different temperatures and voltage swings
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3. DC Noise Sour ces

The nature of noise and various noise source types in an ECL environment will be discussed. Here, two
types of noises are distinguished, intrinsic and extrinsic. Intrinsic noise is the type of noise associated
with specific circuit configurations such as multiple fan-in, series gating, etc. Extrinsic noise is the type
of noise associated with the circuit environment, such as ohmic drops on meta lines, temperature dif-
ferences, short and long range process variations, etc.

3.1. Definition

As depicted in Figure 3-1, anything that causes v -V, OF V-V, 10 degrade is defined as a noise source.

The degradation of the former causes high noise margin NM" to degrade while the degradation of the
|atter causes low noise margin NM! to degrade. For example, if a certain IR drop causes all v, v, and
V, to shift up by A, there is no degradation of the noise margin. But if it only causes v, to shift up by A,

NMP decreases while NM! increases by A.

Yoh =</ /

Vv . 0.5Vsg
° \Y; | J Vref +<Z Z
o Vot 0.5Vs
| Vo ——<7 7"

Figure 3-1: Definition of noise for adifferential pair.

3.2. Intrinsic Noise

Intrinsic noise occurs in certain types of circuit configurations. In this section we will discuss three basic
types of noise arising from current sharing, incomplete switching and V., variations of level shifting.

3.2.1. Current Sharing Noise

Noise arising from current sharing is ubiquitous in ECL designs. Typical examples are gates with mul-
tiple fan-in, wired-OR (emitter-ORing) and emitter-ANDing (in multi-emitter decoders, diode decoders,
or EFL circuits), as depicted in Figure 3-2.

The fundamental problem here is that any of the n-way input transistors can possibly take all I, or 1/n 1.
From the basic Equation (4), the difference in V. as aresult can be expressed as

AV, = vy In(n). (17)

Intuitively, A V. will be the amount of noise margin lost. We will derive from a generdized gate
structure to show that with proper scaling of the reference side transistor, this noise can be reduced down
to half.

10



NOISE ISSUESIN THE ECL CIRCUIT FAMILY

Vn~< ” V2~< V1~< 21l

(a) Fan-in of n

Y
_ X
_
Vi { Vo { Vq { ]
I —K
Ll
(b) n-way wired-OR (c) 6-way emitter-ANDINg

Figure3-2: Typica examples of circuits with current sharing noise

3.2.1.1. Multiple Fan-In
Vcce

':O$§RC RCEJ/IO
S arrir e

n-transistors m-transistors

Vee

Figure3-3: A generalized ECL gate

Figure 3-3 depicts an ECL gate with fan-in of n on the input side and m transistors in paralel on the
reference side. These transistors are of the same size. Anaogous to the derivation of Equations (6) and
(9), if we assumethat all n inputs are switching together, we have

o
T = % exp(x), (18)

and

11
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y= _S - _S (19)
140 n,,
= exp(x) 1+exp[x+ In(a)]

Assuming n > m, the transfer curve is shifted by In(%) toward the negative x direction. Thisis shown in

Figure 3-4 asy'. In unnormalized terms, this means that the low noise margin NM! has decreased and the
high noise margin NMM has increased by an amount Vy In(n%). For m equal to one, thisis exactly the same

as Equation (17). This is the worst case for the low noise margin but not for the high noise margin.
Similar to Equations (11) and (15), the unity-gain point and the low noise margin are obtained as

X, ==In(s-2) - In(%) (20)
and
NM! :;—STSI— In(s=2) - In(%. (21)
0.0

In(n/m)

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
-0.5s ' 0.0 h 0.5s
g
Figure 3-4: Thetransfer curve of ageneralized gate

12
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If one and only one of the n input transistors is switched against the m parallel reference transistors while
all other n-1 inputs stay at the highest possible low x,_but within the noise margin, Equation (19) becomes

-S -S

y= — = — , (22)
1+ L epi+ Thep(-x ) ORI
assuming
n-1 n-1 _n-11
- eP(Ix ) < S exp(xg) === 5 <<1, (23)

which isasimilar condition as dictated by Equation (13).

Note that x, < xgI is required to satisfy the low noise margin. In this particular case, the transfer curveis
shifted by In(m) towards the positive x direction. Therefore, the high noise margin has decreased and the
low noise margin has increased by v, In(m) as shown in Figure 3-4. Similarly, the unity-gain point and
the high noise margin are obtained as

x4 =In(s-2) +In(m) (24)
and
NIMh :g—;sl— In(s=2) - In(m). (25)

From Equations (21) and (25), one sees that if mis set to vn, the high noise margin is the same as the low
noise margin, and the loss of noise margin as compared to the basic gate becomes v, In(vn) = 0.5 vy In(n).
Thisisonly one half of that described in Equation (17).

If the inverting output is considered, as shown in Figure 3-5, the result is just the opposite. Where
noninverting outputs suffer losses of high noise margin, inverting outputs suffer losses of low noise
margin by the exact same amount.

Here are the guidelines:

* The effect of having n input transistors (or one input transistor with n times the size) switched
against one reference transistor is to shift the reference voltage down by v In(n). For a
noninverting output, it means the low signal level suffers a degradation of v In(n), but the
high signal level suffers no degradation. However, for an inverting output it means the high
signal level suffers a degradation of v, In(n), but the low signal level suffers no degradation.

« For a gate with a fan-in of n, the loss of noise margin can be reduced to 0.5 v In(n) if the

reference transistor is sized up by vn as compared to the input transistors. When the tran-
sistor is resized, losses of noise margin for high and low signal levels are equal for both
inverting and noninverting gates. However, increasing transistor size will naturally increase
capacitances. Tradeoffs between DC noise margin and AC perfomance must be considered.

3.2.1.2. Wired-OR Configurations

Armed with the above results, the wired-OR configuration can be easily analyzed. Figure 3-6(a) shows a
wired-OR output v, driving a differential pair. Figure 3-6(b) shows the signal levels where thick lines
correspond to unperturbed levels of asimple gate. The high output varies from the simple gate level with
between one and n transistors on, while the low output always corresponds to n transistors on and is

13
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0.0
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N
In(n/m)
Yo yh
.S \\
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Figure 3-5: Theinverting transfer curve of a generalized gate

shifted up by vIn(n). Asdepicted in the figure, if v, is shifted up by 0.5v4In(n), the resulting level will
be exactly in the middle of the worst case output levels, which is in the center of the lowest high (one
transistor on) and the highest low (n transistors on).

Von v_l_ln(n)
n-on
1-on
'n Y2 "1 Vref
i v }) I —
re 0.5 v_In(n) n-on
llo Q1 Q2 T
v In(n v
- (n) ol

(@ (b)

Figure 3-6: Wired-OR configuration

14
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There are two ways of achieving this goal. One can either literally shift the reference voltage up by
0.5v4In(n) with customed circuitry, or, as described in the first guideline above, one can size up the

reference side transistor, Q, by vn. Here are similar guidelines:
» For an n-way wired-OR driving a differential pair, the loss of noise margin is only 0.5
v In(n) if the reference transistor Q, is sized up by vn as compared to the input transistors
Q, of the differential pair. If the reference transistor remains the same size as the input
transistors, for noninverting gates there is no loss of noise margin for high inputs, but the
loss of noise margin for the low inputs will be v In(n).

« If the n-way wired-OR is not driving a complex gate with multiple fan-in where simple resiz-
ing cannot be done without affecting other inputs, the loss of noise margin takes the full value
of vy In(n). In this case, the important parameter is the sum of n for wired-OR and number of
ORinputs at the lower level.

3.2.1.3. Emitter-ANDing

For emitter-ANDing, similar optimization to wired-ORing can be applied if it is driving a differential
pair. For example, as depicted in Figure 3-2(c), the output of the 6-way decoder has its output low level
shifted up by v;In(6). Assuming the output is to be compared to a reference voltage, one can shift up the
reference by 1/2v+In(6) to halve the noise.

Other situations may arise from application to application. Based on what has been discussed, one can
easily figure out the loss of noise margin due to current sharing type circuits.

3.2.2. Incomplete Switching Noise

Incomplete switching is defined as shown in Figure 3-7. The problem hereis that the degraded upper tree
current resultsin aloss of low noise margin. If we define p = It'/It, then the loss of low noise margin is
simply

ANM'=v,(1-p), (26)
where v, is the swing corresponding to |..

Multi-level series gating is the obvious candidate. Both two-level and three-level series gatings will be
discussed. The degradation of It' will also be considered, as well as the method of compensating this
incompl ete switching noise.

3.2.2.1. Two-Level Series Gating

Figure 3-8 shows one case of a multi-level series gated ECL gate where the lower level consists of a
smple differential pair. Here, the concern is that when the current is steered through transistor Q, in the
worst case, what is the relation between |, and I, ? Ideally, if 1= I, thereis no loss of noise margin due to
the extra level of series gating because the voltage swing for the upper level remains the same. Consider
the single-ended case where v, =v, . Referring back to Figure 2-6, the worst case It’ occurs when vV
isat xgh. In this situation the inputs have lost all the noise margin and are at the unity-gain paint.

From Equations (6) and (11), we get

ly

= exp(x,") = 52, (27)

[

=1

15
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upper tree

7/ lower tree \

Figure 3-7: The definition of incomplete switching

Figure3-8: Two-level series gating

or

Iy _s2

e (28)

=

As depicted in Figure 3-8, where the thick lines represent the unperturbed signal levels, the amount of
loss in the low noise margin can be expressed as
Y

v
ANM'=v_(1-YH=_5 | 29
v, ( It) ~ (29)

Note that the high noise margin isin fact slightly improved since v, can only become more positive due
to the incomplete switching.

In the case where v =~v,, where the gate is being differentially driven, the worst case occurs when v, is at

xgh and vy isat xg'. Similar to the above derivation, we have
I _ 2
o (572 (30)
It (3_2)2+1

16
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and

V,
ANM' =5 (31)
(s-22+1

Note here that the differential signal swing only needs to be half the voltage swing since all common-
mode noise is excluded. In fact, the noise margin of a half swing differentia drive is much better than a
full swing single-ended drive. Figure 3-9 depicts another case of two-level series gating where the lower
level has afan-inn,. Assuming that the reference transistor is properly sized up by w/n_2 according to the
guideline discussed in section 3.2.1, the worst case |, occurs when all of the n, inputs are at the unity-gain

point corresponding to the multiple fan-in case as described by Equation (20). With n/m= \/n_z, the current

ratio becomes
Itv _1 N —

;= —exp(Xg) =52, (32)

-1 vn,

ly

which is the same as Equation (27). Accordingly, the loss of noise margin is the same as that in Figure
3-8 which is described by Equation (29). The degradation of the tree current due to the case of a second
level multiple fan-in is the same as that of a simple second level pair driven differentially. This is
naturally true considering the way the down-shift of the unity-gain point was derived. All we really need
to differentiate is whether the second level is driven differentially or single-endedly.

Figure 3-9: Two-level series gating with multiple fan-in on the lower level

3.2.2.2. Three-Level Series Gating

A three level series gated structure is shown in Figure 3-10. Based on the previous discussion, there are
three possible relations between |, and 1,, depending on whether the lower levels are driven differentially
or single-endedly.

Case 1: if al lower levels are driven single-endedly, from Equation (28), we get

It” _ /52
= (33)

17
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Vg (L-1¢ /1¢)
(1)
Vp' = i)Vrefz
i) ~v_:
a
Va 5— Vb = i)vref3
o o i) ~v
a ‘l’l b

Figure3-10: Three-level series gating

Case 2: if one of the lower levelsis driven differentially and one single-endedly, from Equations (28) and
(30) we get

| _s2 (5272

e Vg | (34)
I, s1(s-2)2+1

Case 3: if all lower levels are driven differentially, from Equation (30) we get
| _ )2
Lo B2 g (35)

i (s22+1

3.2.2.3. a Degradation

In Figure 3-11, a path of athree level tree is shown. Assuming the current switches one hundred percent
to the path shown, there is still the degradation of current due to the base current as we move up the tree.
The percentage degradation in the voltage swing can be expressed as p=(1-a"), where n is the number
of levels of series gating. If a = 0.99, each extralevel causes aloss of low noise margin of one percent of
the voltage swing. Note that the effect is the same as that of the multi-level series gatings.

Theoretically this type of noise can be somewhat compensated. For example, if the output of an incom-
plete switching gate drives a simple differential pair, one can shift the reference voltage of the driven gate
to halve the incomplete switching noise the same as the wired-OR situation discussed earlier. But if the
driven gate is a complex gate where shifting the reference voltage affects other inputs, it is not feasible.

18
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3rd level

CS

Figure3-11: o degradation

An dternative is to modify the ratio of R. and R such that R.=a"R so the degraded tree current
generates the desired swing. There are three problems to this solution. Unless the layout grid is fine
enough, one might not be able to resolve the 3% difference in resistances in the case of a compensation.
In addition, the matching is degraded. Secondly, in the case of multi-level series gatings, since one does
not always get the worst case condition, the added swing slows down the switching speed. Most seriously,
B usually is not well controlled. It is difficult to predict the value for a.

Here are the guidelines:

* All cases of multi-level series gating result in a loss of low noise margin, asANM':vS 1-p),

where p is the ratio between current actually flowing through the resistor load and the total
tree current.

« If the incomplete switching gate drives a smple differential pair similar to that discussed in a
wired-OR situation, the reference voltage of the driven gate can be shifted to halve the noise.

* The ratio of R, to R can be modified to compensate the current degradation. Care should
be exercised as to the real benefit of this option.

19
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3.2.3. V., Variations of Emitter Followers

The emitter follower plays a very important role in ECL designs. It drives the capacitive load and shifts
the signal level down to the desired value. One of the most important matchings in ECL designsiis, in
fact, the matching of the current density of the emitter follower, which guarantees matching of the diode
dropsin various parts of the circuits.

3.2.3.1. Pull-Down Resistors

In some ECL designs, a-2 volt power supply commonly referred to asV ., is used to generate the current
source for emitter followers. Asdepicted in Figure 3-12, one sees that the current of the emitter follower
changes as the output switches states. This resultsin variations of the diode drop V,, and hence a loss of
noise margin as depicted in part (b) of the figure. Again, thick lines in the figure show the unperturbed
levels. Assume that the emitter follower and the pull-down resistor are sized with respect to some mean
current | ;. In order to balance both the high and the low side, it is required that

AhszIn(Ilih) EAlszln(II_o). (36)

o] ol

Vih sized according to | | ]
vi ./ Vbe_h Vil

Voh

Vref (b) Ay
R
I oh
lg =11 x|
Vee2 :O| o =Jloh*lol
(o]

Figure 3-12: Pull-down resistors for emitter followers
As depicted in part (c) of thefigure, |, is ssmply the geometric mean of |, and | ;.

The value of the resistor is determined by

R= \/(Voh - Vee2|) (Vol - Vee2)’

(o]

(37)

and the loss of noise margin can be easily derived as

A:len(\/V"“_;Veez). (38)

Vol Vee2
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For example, if v,=-0.9, v,=-1.4, V ,=-2.0, and v;=0.03, then A=9.1 mV. Strictly speaking, the for-

mula needs to be iterated tg Itake into account the fact that the v, and v, values are changed as V  is
modified. But the computation error is very small and is hence neglected here. Note that the IR drops on
the power distribution and the power supply variations are not accounted for here. In later sections where
IR drops are discussed, the noise discussed here will be revisited.

3.2.3.2. Fan-Out

The fan-out issue is usually not a concern unless the fan-out is large or the tree current of the driven gate
islarge. Figure 3-13 shows two situations of fan-out. Part (&) consists of a pull down resistor while part
(b) consists of areal current source.

suedacawdmgtolo = [1onh*!lol

oD

Voh oh
n * | n * |
Vbe(\> ___W\lﬁﬂ fanout P Vbe}Q\'> Vol fanout b

_— —

Figure 3-13: Multiple fan-out

The basic problems are exactly the same as that discussed in the previous section. For part (a), the
equations for high and low output current are expressed as

v, -V
| =0 2y x|, (39)
oh R fan—out b
and
Vo ~Veer
g =— g (40)

For part (b), the equations for high and low output currents are |, =1,+n., .. %Iy, and 1, =1, respec-
tively. Given a desired current |, one can easily figure out the loss of noise margin by the following
eguations

|
ANMh=vTIn(I_°)

oh
and

|
ANM! :len(I_O').

(]
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In practice, the emitter follower will not be resized unless the fan-out current loading is extremely large.
Since the fan-out current loading is only active when output is in the high state, the extra loss of the high
noise margin can be simply expressed as
X
ANMP =y, n(I;h) =, n(1+M’).
Ioh + Ntan-out * Ib Ioh
For example, if the fan-out current loading is 10% that of I, the extraloss of noise margin on top of the
emitter follower is only about 2.86 mV at 85 ° C. So if 3 mV is allocated in the noise budget for fan-out,

itisequivaent to say that Ny, ot X |, has to be lessthan 10% of |,

3.3. Extrinsic Noise

Extrinsic noise is the result of the realistic environment where the circuit operates. The variations of the
environment parameters cause the signal levels to drift, resulting in loss of noise margin. The noises
caused by the IR drops in interconnect lines and the different types of variations that cause changes in
device parameters or drifts of signal levels will be discussed.

3.3.1. IR Drops

The issue of IR drops on the power distribution is particularly a problem in ECL designs for two reasons:
small DC noise margin and large DC current. In this section, the noise implications of different types of
IR drops will be discussed.

3.3.1.1. IR Dropson the Top Rail

When an IR drop A occurs on the top rail (the V. supply line) between the sending gate and the receiving
gate reference generator, A amount of either high or low noise margin is lost, depending on the polarity of
the drops. Figure 3-14 depicts the situation corresponding to a loss of low noise margin and a gain of
high noise margin.

A%

2k

ref

Figure3-14. IR dropsonthetoprail, V .
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It can be seen from the figure that if the polarity of A is reversed, a gain of low noise margin at the
expense of high noise margin results. In theory, this type of noise can be halved, provided that the
differential pair is properly sized. In practice, this is hard to do since A might not be a well managed
quantity. If multiple fan-in exists, there is no way to optimize the gate because inputs are coming from
different parts of the chip.

Hereisthe guideline:

* IR drops on the top rail always translate into a change of (Vg,-V,¢) OF (V,g7Vy)), Causing
direct loss of either the high or low noise margin.

3.3.1.2. IR Dropson the Bottom Rail

The bottom rail, Vo, is the reference rail for all current sources. A band gap generator generates a
regulator voltage which is one diode drop plus a voltage swing (v.+v) above the bottom rail. The main
effect of IR dropson V o, busisto cause achange in current generated by current sources.

Ve
Upper tree
C.S. for EF
\Y; J Vief Generator
Reg +
+ + +
Vbe+ Vs VR Vi VR
_ Ann _ _ _
Veel AN
vR = VS— 2\

Figure3-15: IR dropson the bottom rail, V

Figure 3-15 depicts three different situations: a current source for a tree, a current source for an emitter
follower and a current source for areference generator. Also shown in the figure is that the voltage across
the current source resistors becomes v-A due to the IR drop.

In the case of atree, the voltage swing is degraded by A . Using the notation before, this is equivalent to
p=1-A/vg Alossof low noise margin of A results. The discussion in the previous section applies.

In the case of a current source for an emitter follower, the change in current due to the IR drop induces a
changein the V. of the emitter follower, resulting in signa degradation. The loss of noise margin is

ANM =vIn(1-Alvy).

For A=50 mV and v;=500 mV, the loss of low noise margin calculated using this equation is only 2.86
mV at 85° C.
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The noise associated with reference generators will be discussed in Section 3.4.

The IR drop on the other bottom rail, V ., directly affects the emitter followers with a pull-down resistor
asdiscussed in section 3.2.3.1. In most digital circuits, thisisthe only place V o, isused. From Equation
(38) we see that A is subject to both v, and v, variations which result from V., Vo, and Vo, varia-
tions. Inthe worst case, the equation can be re-written as

cc Veel

(Von = AVon) = (Veep * AVeeo)

A=vIn(V ,
Tin( (Vg —AV,) = (Vggp + AV,e)

(41)

where Av,, and Av, are functions of AV . and AV,. As discussed earlier, Av,=AV . and
AV =AV AV o, since they are trandlated directly into variations of the signal levels. Let us plug in
some numbers here. Assuming v,=-850 mV, Av,,=150 mV, v;=-1350 mV, Av =175 mV, v,=-2.0 V,
Av,=100 + 150 = 250 mV (i.e. 5% of v, and IR drop on the V , line), and v;=30 mV (T=85 ° C), the
loss of noise margin, Ais 0.5 v4In(3.33) = 18 mV.

In chapter 4, the concept of virtual V. and statistical distribution of the AV . and AV 's will be intro-
duced. Equation (41) will be revisited and modified.

3.3.1.3. IR Dropson Signal Nets

Two cases of IR drops occurring on signal nets are depicted in Figure 3-16. In general, the IR drop
induced by the base current isless of a concern than the IR drop induced by emitter current. But when the
signal net islong or the fan-out is large, the product of | and R is no longer negligible, and the degrada-
tion of signal levels has to be considered. In practice, the case one must pay attention to is the long
wired-OR lines. The left half of Figure 3-16 shows that A , the IR drop, causes a down shift of both
signal levels. Assuming that the reference voltage stays at the unperturbed level, a loss of high noise
margin of A results.

Figure 3-16: IR dropson signal nets

The right half of Figure 3-16 shows a situation in which there is substantial resistance between the two
emitters. In some cases, we have to use an interconnect of higher resistivity, such as unsilicided poly to do
the local routing. In other cases, maybe for layout reasons, two transistors have to be physically pulled
far apart.
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The current ratio for the differential pair is derived as

I v~V I.r.—=1l.r
Z=ep(=2)eq(- 222 =eq(x-9), (42)
b T T
where 5= ara_lbrb, and x=.2_P
VT VT

Similar to the case of abasic ECL gate, the transfer curve in this case is derived as
-s

1+exp(x—9)’ “43)

y:

where s and y are the normalized voltage swing and output. This eguation is not straightforward to solve
since |, and I, are functions of x. Let us make the following observations. At the threshold wherel, = I,
the mid-point of the transfer curve is shifted by an amount

0=0.51,(r 1), (44)
whered>0ifr > r,andd<0ifr <r,.

If we assume that the dependence of & on x is weak near the unity-gain point, similar to the derivation
before, we have x,"=In(s-2) +8, and x;/ =-In(s-2) +&, where §,=(x,") and & =(x,).

At xgh, we have

s-2 1
a=5 1o 75
and
_,s2 1
6hVT_(ST1ra_ST1rb)|0' (45)

Similarly at xg', we have

_ 1 _s2
1o Tl
and
1 s-2
o) VTz(sflra_grb) ly- (46)

If 9, >0, aloss of high noise margin occurs. On the other hand, if & < 0, aloss of low noise margin
occurs.

fSZ

For example, if r,=0 thereis aloss of high noise margin of ZZr I =r,|

alo» While the low noise margin has

gained by_r . Ifr;=r_=r thereisaloss of high noise margin of r l,=r,l,and aloss of low noise

marginof r_I . Thisslight asymmetry isaresult of the approxi matlon.

Note that all of the above discussion applies to the non-inverting output. For the inverting output the
complementary results apply. In other words, when the non-inverting output suffers an amount of 1oss of
high noise margin, the inverting output suffers the same amount of loss of low noise margin.
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Here are the guidelines:

« If a finite resistance exists between the emitters of a differential pair and the common node
that connects to the lower tree, the threshold voltage and the noise margins are modified
according to Equations (44) (45) and (46).

 For the non-inverting output, the resistance between the emitter of the input transistors and
the common node tends to decrease the high noise margin, while the resistance on the other
side tends to decrease the low noise margin.

* For the inverting output, the result is the reverse. The resistance between the emitter of the
input transistors and the common node tends to decrease the low noise margin, while the
resistance on the other side tends to decrease the high noise margin.

3.3.2. Variations of Device Parameters and Operating Environment

Three different types of variations will be addressed: process variations, temperature variations and
power supply variations. In short, the first two types of variations give rise to device parameter variations
while the last type affects circuits that depend on V-V 4 andlor V-V, The main concern for a
circuit designer is to understand how his or her circuits will be affected by the variations and how some of
the variations can be minimized by circuit design and layout matching techniques.

In ECL designs, basic matchings are expected of (a) transistor characteristics of both input and reference
devices, (b) top and bottom resistors in atree, and () V,.'s of emitter followers. Since the short range
process variation is small, good trackings of input transistors and reference transistors can always be
expected, as these transistors are usually physically adjacent. Only when a tree structure is physicaly
apart do we need to consider variations in the transistor characteristics. By the same token, the top and
bottom resistors in a tree are a'so well matched if they are laid out the same way. Except for the a
degradation discussed earlier, the voltage swing is translated from the bottom resistor to the top resistor
one for one even though the current may vary. In most cases, matching considerations for both (a) and
(b) are not much of a problem.

The matching of (c) ensures the correct levels for both signals and references. Intrinsic noises related to
(c) were discussed in section 3.2.3. In the extrinsic case, there is the change of V,, due to direct varia-
tions of either temperature or processing nonuniformity. There is also the indirect change of V. due to
resistance variations of the current source resistor. Let us derive the egquations. Assuming the voltage
across the current source resistor, Vp, is fixed, the current is simply | =Vz/R,, where R; is the mean
value for theresistance. The change of current due to the change of resistances follows

Ml,__OR, n
b R
The change of V,, can be derived as
1+ Al A
AV, =v;In °:vTIn(1J_r_R°). (48)
lo Ry

As discussed in section 3.2.3, the loss of noise margin due to variations of V. is one for one in the worst
case. The loss of noise margin due to variation of the emitter follower can be determined by Equation
(48).
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3.3.2.1. Process Variations

Process variation is a strong function of the technology. In descending order of degrees of variations,
there are lot to lot variations, wafer to wafer variations within a lot, and long range and short range
variation within adie. Usually, one only worries about the lot to lot variation which gives the worst case
tolerances, and the short and long range variation which concerns tracking of devicesin close vicinity and
on opposite corners of the chip.

Tolerances
Process Temperature
variation Coefficient
Vpe ‘ +3mVv -l.2mv/C
Process variation
Resistor o .
Types (lot to lot) (within a slice)
ppoly 800
( 8-wide) +20% +5%
Implant 600
( 8-wide) +5% +2%
( 5-wide) + 8% +2%
( 3-wide) +12% +2%
Implant 4K +20% +5%

Temperature variation

ppoly Implant Implant
TC 800 600 4K Metal
%/C -0.1 0.1 0.29 0.4

Table 3-1: Device parameter tolerances due to process and temperature variations

All device parameters are subject to process variations. Table 3-1 shows an example of typical depen-
dencies of selected device parameters on process and temperature variations. Note that the table is by no
means complete and these numbers will vary depending on the technology.

In this example, the direct V, variation of 6 mV in the worst case has to be subtracted from the noise
margin. If only one type of resistor is used, only the variation within a slice needs to be considered. For
example, if only 8-um wide 800 Q poly resistors are used, from Equation (48) the loss of noise margin is
about 3 mV at 85 ° C. If different types of resistors are used to generate currents for emitter followers,
one might have to use the lot to lot variation for the worst case, assuming no correlation exists between
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the particular types. Taking the 8-um wide 800 Q poly resistor and the 8-um wide 600 Q implant
resistors, for example, the worst case loss of noise margin isabout 7 mV at 85° C.

3.3.2.2. Temperature Variations

Depending on the operation environment, temperature variations occur resulting in variations of device
parameters. There are two types of variations. local variations (temperature gradients due to hot spots),
and global variations (changes of operating temperature).

On-chip temperature gradients occur when hot spots consuming significantly larger than average power
exist. Since the V. diode drop has a negative temperature coefficient in the range of -1.2 to -1.5 mV/C,
the V. difference is 24 to 30 mV for two junctions with a temperature gradient of 20 ° C. Depending on
which junction has a higher temperature, the driving gate or the receiving gate reference generator, it can
either cause a loss of low or high noise margin of A V,, since it trandates directly into a shift of the
signal level and/or the reference level.

Since no chip package isideal, some finite thermal resistance always exists. The seriousness of this type
of noiseislargely afunction of the packaging technology and the power consumption of the chip. Given
a package technology and an estimated worst case temperature gradient, the potential 10ss of noise margin
is figured into the noise budget.

Temperature variation as awhole is a dlightly different issue. For example, the chip has to be guaranteed
to work over ajunction temperature from 27 to 125 ° C in typica commercia specification, and from 0 to
155 ° C for military specification. For noise margin the concerns are twofold: the variation of the output
of the band gap generator which relates to the voltage swing, and the variation of the thermal voltage
related noises. The guideline here is to figure out the worst case junction temperature and its associated
worst case noise.

There are other device parameters that change with process and/or temperature variations. For example,
the transistor current gain 3 can vary 20% from lot to lot and it increases with increasing temperature. If
aparticular circuit design is based on some average 3, the loss of noise margin resulting from the drift of
the operating point due to the variation of 3 should be considered in the noise budget. For example, when
a PNP current mirror is used, one has to estimate the average 3 to compensate for the base current in
order to mirror the desired amount of current. In such a situation, the percentage variation of the mirrored
current resulting from the 3 variation should be included as a noise source.

3.3.2.3. Power Supply Variations

Power supply variation depends on alot of factors. It isusually included in the chip specification. Circuit
designers assume, for example, that no more than plus or minus five percent variation occurs on the
power supply. It isthe job of the package and board designers to guarantee the specification. Note that
the power supply variations of concern here are global in the sense that all circuits on-chip see the same
effect while the variations caused by local IR drops were considered in the previous section.

As mentioned earlier, circuits that depend on V -V and/or V -V o, Will be affected by power supply
variation. Assume that a perfect band gap generator that generates perfect V,,'s for current sources
exists; then, most circuits are shielded from the power supply variation except for emitter followers with a
single pull-down resistor. The noise that results from these pull down resistors is proportional to a log
function of {aAV +bAV 1-CAV o}, which is quite complicated. This particular topic will be further
examined in Chapter 4 when aresistor trimming scheme is discussed.
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3.4. Noise from Reference Voltage Generation and Distribution

Usually on a chip, there are two units which are related to generation of reference voltages: the generation
and distribution of V ¢ or Vreg, the regulated voltage which is one diode drop above V ; and the genera-
tion of V,’s from Vo, or V. The circuits used to generate Vg or V o, usualy are referred to as the
master reference generators, and the circuits used to generate V,'s usualy are referred to as the slave
reference generators.

3.4.1. Noise Associated with M aster Reference Generators

Noise associated with master reference generators is essentially noise associated with IR drop on the
bottom rail, as shown in Figure 3-15. Of course, base current aso generates IR drop, but it is much
smaller than IR drop on the bottom rail. In practice, a master reference generator services a number of
dave reference generators which are arranged physically in such a fashion that the total IR drops are
limited. It is atrade-off between the design constraints and the noise budget. An example will be given
in Chapter 4.

3.4.2. Noise Associated with Slave Refer ence Generators

On the other hand, noise associated with slave reference generators is essentially generated by base cur-
rent. V,’sare our notation for reference voltages applied to the bases of the differential pairs. Vq isthe
reference for the CML level. V.4, V,,, and V; are the ECL levels with one, two and three diode drops
from the CML level, respectively.

In Figure 3-17, (a) shows the generation of V , (b) shows a basic CML gate where the signa levels are
generated, and (c) shows the relation between the output high and low and the reference voltage V g
where the thick lines represent the ideal, unperturbed levels. Superscript r indicates those notations are
with respect to reference.

N Vro A r VrO

€Y (b) (c)

Figure3-17. V,,generation
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Notice that |, varies from I, .. t0 15 i, @ output varies from V , to V, and | ; i, Will be zero if the
output is not shifted down to lower levels. The signa levels, V,, and V, and the reference level, V  can
be expressed as
R _ V, |0r
VrO__i(Icsr-Hor __7(1+|_r)’
cs

Von= "Rl gmax="Vs Tmax
cs
and,
|
V0I =-R(l st Iomin) = _Vs(l + Omm), (49)

cs
where Rl =Rl =V, thelogic swing, isassumed. Theloss of noise margin follows as

| 1
— — omax (0]
ANMN=V -V, -V 2=-V (2T _° )

ICS 2|csr
and
o
ANM' =V, o=V, = V2= -V (2 -2m), 0)
2.7 g

Note that a loss of noise margin occurs when ANM < 0. The complication here is that the difference
between | ., and | | depends on the state of the gates. From the above equations, we see that the worst
| |
case loss of high noise margin is ANMP= -V (572) = - V/( °|—FO
cs cs
(FO) as the current loading in the unit of | /B. The loss of the high noise margin becomes V(FO+1)/3.
The"1" in the numerator is to account for the base current of the level shifter, if thereisone. If the CML
gate is driving an identical gate ( 1 J's are the same), then FO will correspond to the actual number of
driven gates. For 3=100 and FO=4, 5% of the voltage swing is lost to noise in the worst case. This
corresponds to 30 mV for a600 mV voltage swing.

+

| .
o) for 15'=0. Let us define fan-out
cs

By comparison,

.
max _
r ax-

| [
The worst case loss of the low noise margin is ANM'=~-V,_ (> c:m'”) for 1."= 1,
2 g cs

r

| | 21
we see that if ° mfxz olmax+ I"m'”, ANMPh=ANM! in the worst case, and the fan-out for the reference
2ICS cs cs

voltage V  istwice that of the circuit fan-out, assuming | =1 and | i, is negligible.

Here are the guidelines:

* The loss of high noise margin due to the generation of V,, and CML signal levels is
V(FO+1)/B. The loss of low noise margin is the same if the fan-out for the V,, generator,

FO'=2*FO*| J/l
* If one desires a higher fan-out for the V,, generator, one simply sizes up | ./ to allow larger
l,". FO" will be scaled by the ratio of | . and | ., by definition.

Figure 3-18 shows the generation of V; and V,,. The only difference between Figure 3-18(a) and (b) is

that 1, the loading current, changes from |, to | ,*l ;3. Depending on the current loading on V ,, one
would choose (b) to save a current source for smaller | 5 or () for larger I, since an extra current gain of
[ is available. Similar to Figure 3-17, Figure 3-18(c) and (d) show a basic ECL gate and the relation
between output high and low levels, and the reference level V. Again, thick lines depict the unperturbed
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levels. Here we will derive the noise associated with V4, the result of which can be easily generalized to
VandV .

R R .
2 r 2 r |0 = |02 + |03
Q ef Q ef
|
N . N 02
lo lo2 Vi1
—> — Vv L
rl |
\4 Ny 03
—_ V2 V2
—>
|
N N Ny 03 N
r r r r
Icsl lef \L lef Icsl lef
R R R R R
@ (b)
\V/
. Ah oh
Q ef
Vrl
IO A rak \
—>
les l of i Vol &
(c) (d)

Figure3-18. V,, andV,, and generation

Similar to the V  discussion, the signal levelsV , V;,, and V; can be expressed as

ol

rggr
I +1,

B

_ R, ~ __Vs g 1S _
V= 7(Ics+ )—@ = 7(1+_f+ﬁ) ¢,
cs 'cs

Ie!f-'-lomax Ief Io
Voh:_R(I(;s+—)_(w:_vs(1+_+_)_qﬁ’
B Irs Ics
and,

VOI :_R(|CS+|ef+[;0min)_d =—VS(1+|ef-:I0mn)—q:J,

cs
whereR'l /=Rl =V, isassumed and ¢' s stand for diode drops. The loss of noise margin follows as
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A\ [FUNY/
— _ _ —_V'sjomax_ ‘o _ Vs YN (e
and
ANM'=V_ -V —vs/2:—!s( o +I°mi”)-xs(lr- )= (¢-9) (31)
ri Yol B 2|csr |CS B2 v '

wherey isthe ratio of the follower current, |, to the tree current, | .

Note that except for the 1/B factor, the first terms in ANM are the same as those for V. For the same
fan-out condition, the noise generated is two orders of magnitude lower in the V; case. For FO=20 (or
FO'=40), V=500 mV and =100, the loss of noise margin due to the first termis only about 1.05 mV.

The second terms are of opposite sign in ANM" and ANM'. If y is between 1 and 3, then let =4,
ly-¥/2|<1. Inthe worst case, the loss of noise margin from the second term is VJ/B. So for =100, a
loss of noise margin of 1% of the voltage swing results. For V=500 mV, itisabout 5mV.

The third terms involve the V. drops of the emitter followers, Q4 and Q4". ¢ isthe V. drop for Q'
with | =1 4™+ . ¢ and ¢ are the V., drops of Qg where I, equals | 4+ g aNd |+ iy TESPECtIVELY.
As in the case of emitter follower sizing for pull-down resistors discussed in Section 3.2.3.1, similar
sizing can be applied to minimize V variation, which results in better noise margin.

In practice, the emitter followers for either the signals or the V,’s may not be resized simply because of
the complication and the small benefits.

Let us assume that the emitter followers are sized according to | ¢ and 1 4" only . We have the following:
Ief+ Iomax
(ph=(p+vTIn|—=(p+A(ph,

|+
¢ :(p+lenw:(p+qu,
ef
and
Iefr + |0I'
P=o+viin=——=0+A¢
o
where @ corresponds to the V, drop at design current density. From Equation (51), the worst case loss of

high noise margin occurs when A@'=0.

It follows that the losses of noise margin from the third term are

|+
ANMICD =~y & 0= n(l+%(FO+ D)
ef
and
e * lomax' 1FO" les
ANMIG) =~y In & 0T =y iy 4+ 7= ) (52)
o By los

where as previously defined FO and FO" are the number of fan-out of | /B current loads, "1" in the
numerator for ANMNGrd) accounts for current loadings for the level shifter, and y and y are the emitter
follower to tree current ratios. Notice that variation of ¢ was ignored here since I, is usually very
small. Assuming that |J's and y's are the same and y'=2y, the loss of high and low noise margin due to
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the third terms are the same if the FO'=2FO. Fan-out of signals causes high noise margin to degrade
while fan-out of V; causes low noise margin to degrade. For 2FO=FO"=40, 3=100, and y'=2y=4, the loss
of noise margin at 85 ° Cisabout 2.86 mV. Sincethisnoiseis quite small, it isusually not worth resizing
the emitter followers.

Here are the guidelines:

* The contribution of the first term in Eg. (51) to the loss of high noise margin due to the
generation of V4 and the ECL signal levelsis VS(FO+1)/BZ. The loss of low noise margin is
the same if the fan-out for the V,, generator, FO'=2*FO*| '/l . Note that the loss of noise
marginis a factor of 3 smaller as compared to the V, level.

v
 The contribution of the second termin Eq. (51) to the loss of noise margin is FSMax|V§r—y|.

Whenever there is a loss of the high noise margin from this contribution, there is a gain of
the low noise margin of the same amount and vice versa. It isthe worst case that counts.

 The contribution of the third termin Equation (51) to the loss of noise margin is described by
Equation (52). The fan-out of the signal contributes to the loss of high noise margin while
the fan-out of V,; contributes to the loss of low noise margin.

4. Noise Compensation Method: Resistor Trimming

In the last chapter we discussed various DC noise sources. For a given chip design, once the boundary
conditions are fixed, circuit design guidelines and a noise budget can be established using the guidelines
provided by the last chapter to ensure sufficient DC noise margins. For example, the metal systems of the
technology (the number of metal layers and resistivities of different layers) and the power consumption of
the given chip design set the worst case lower bound of the IR drop; the maximum allowable fan-in or
wired-OR determine its related noise budget; and the maximum temperature gradient set the worst case
Ve difference. In the case where the noise budget is tight, one has three options. One may increase the
voltage swing or cut the IR drop budget by lowering the power consumption; however, this results in
slower gates. Another aternative isto limit the fan-in or levels of series gating. This approach decreases
functionality of the gates. In this chapter, a noise compensation method through resistor trimming
[1] [3] will bediscussed. Intheidea case, the ohmic drop related DC noise can be totally trimmed away,
without resulting in slower gates.

4.1. TheBasc ldea: Theldeal Case

Figure 4-1(a) depicts the basic idea for resistor trimming. The left part of Figure 4-1(a) shows a simple
CML gate where a resistor is added to the top of the tree. Also shown is the V ¢ generator supplying a
reference for generating the current for the tree. The right part of Figure 4-1(a) shows a similar arrange-
ment for a'V,, generator which can be anywhere else on the chip. The following discussions also apply
tothe ECL levels.

Because of the ohmic drops, the V /s for the gate and for the V, generator are AV . and AV' . lower than
the ideal Vcc supply for the chip. In order to compensate for the difference, trimming resistors R;;;,, and

R'yim are included such that the virtual_V .'s, the new reference for the signal levels, are at the same
level. Figure 4-1(b) depictstheidea signal levels.
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Conceptualy, if AV 's are exactly known and the voltage drop across R, can be tuned exactly, IR
drops on the Vcc line can be completely compensated. As shown in the figure, there are A/sinthe V
lines such that the voltage drop across the current source resistor, R, is not exactly V, the voltage
swing, but V + A,. Notethat AV . isaways positive while A, in the V  lines can be either positive or
negative. If we further assume that AV .'s are exactly known, by the same token, R ¢ can be trimmed to

exactly compensate the voltage swing V.

VCC - AV cc VCC - AV ¢
R virtual_V¢c % R [ fim
/— \
r
R § R L
v ref
\ v’ ]
Reg T Reg T R4
Vs*Vpe R Vs*Vpe R
cs cs
A N %
ee ee
VEE+ AVee VEE+AV ee VEE+aV'ee'  VEE+aVge
@)
VCC r
Ve N
Mg | vt
Voh - Ritrim virtual_Vec 4 2VRyim
1
2 Vs
Vs Vret
Vol Yoo
(b)

Figure4-1: IR drop compensation
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The equations describing the signal levels follow:

voh:vcc—AvCC—R"‘m(v +A),

R

VoI :Voh_i(vs t Aee)’

and

R
Vo=V —AV' - Rf”" (v, +Afee)——(v +A). (53)
Cs
Here, + isincluded so that A is aways postlve From these equations, we see that if AV 's and

AV s are exactly known as discussed above, the relative level of variation is only subject to the accuracy
of the resistance ratios.

4.2. Non-tracking Resistors

If the resistors are all made of the same material, they track and the ratios are constant. But if two
resistors of different material are ratioed, they do not necessarily track. Inthe worst case we have:

R(1+9) R
S =11+ (5,+5,)], (54)

R(1£3,) R
in which case the ratio variations have to be figured in. Usually, R, and R are made of the same
material, which is why trackings in ECL gates are perfect. However, R, and R might be made of
different material, since Ry;,,, can be relatively small depending on the amount of compensation required
at a given gate. The maximum variation of each of the three levels is the same. The worst case loss of
noise margin happens when the maximum variation occurs on signal levels and the minimum variation

occurs on the reference level, and vice versa. Theloss of noise margin is expressed as
Ryi
I’Im(Vsi Aee) (6trim+6cs)}' (55)

For example, assuming max{ Ry /R.s} =1/3, 8;;,;+0.=1/5, V=500 mV and max{A}=25 mV, ANM is
approximately -35 mV. If only tracking resistors are allowed, thls noise isinsignificant.

ANM =-Max{

4.3. Trimming thelntrinsic Circuit Noise

There are two types of intrinsic circuit noises: the current sharing type and the incompl ete current switch-

ing type. Both can be removed by trimming the resistance ratios Ry;,,/R.s ad R /R

DC noise as has been discussed is presented as a degradation in the high output level, V ;,, the low output
level, V, or both. For example, when an incomplete current switching occurs in atree, only a degrada-
tion of V, results. When taking the non-inverting output of a gate with multiple fan-in, if the resizing of
the reference side transistor is not performed, again, only a degradation of V  results. The degradation of
V, can be corrected by enlarging the ratio of R /R.. When taking the inverting output of a gate with
multiple fan-in, regardless of the resizing, a degradation of V , resullts.

The method of compensation for the degradation of the high output level is atwo step process. Since the
reference rail is now the virtua V . which is controlled by the ratio of Ry;/R., one can raise the local

virtual V. by modifying the ratio of R;;,,/R.s to compensate for the high level degradation. Now that the
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reference level is lifted by v{In(N), the output low is degraded by the same amount. The second step in
the processisto increase the ratio of R /R ¢ such that the output low level returnsto its original value.

Thereis apractical issue with the resistance quantization. One can only expect to modify the resistance by
some finite amount. For example, in a 0.1um grid design where the minimum width of a 150 Q/square
resistor is 3.0um, the minimum increment of resistanceis5 Q. Assuming the minimum load resistance is
500 Q, the minimum change in the resistance ratio is about 1%. With these numbers, it will be assumed
that resistor trimming can only be effective down to the last 1% of the original noise.

4.4. AV . and AV o Estimation

Because V . is the reference for signals, its absolute level is of concern, while for V , it is the relative
level from the current source to the regulator that counts. As in most designs, placement of internal
voltage regulators are such that the maximum relative V , difference is minimized.

By extracting the resistances and calculating voltage drops in a general way for a large custom design,
experience has shown [2] that prediction of the voltage of a given node with respect to afixed referenceis
correct within a tolerance of + ~20%. To include this variation, the top rail reference V .=VCC-AV
can be considered as a Gaussian distribution whose 30 variance equals AV .0, where Vcc is the supply
to the chip and is considered a constant. Similarly, V =VEE+AV 4, follows a Gaussian distribution

whose 30 variance equals AV (0. Thisappliesto bothV ; and V .
For two random variables x and y, the standard deviation of z=x + y isexpressed as
0,=V0,2+0,2% 20, (56)

where Oyy is the covariance, which can be either positive or negative depending on how x and y are
correlated.

Assuming x isindependent of v,
0,+,~V20, (57)

for o,=0,.

Assuming x and y are 100% correlated, there can be two cases: a) if they are in phase, (3X+y=20X while
0,-,~0; b) if they are 180 degrees out of phase, Oy4y=0 while 0,,=20y.

Note that if the worst case estimate is based on bounds, the variation of x = y would have been
30X+30y=2*30x, which is equivalent to say that 100% in-phase correlation is assumed for x+y while
100% out-of-phase correlation is assumed for x-y. In other words, bounds-based analysisis a specia case
of the more general random process analysis. The bounds-based estimation is often overly pessimistic.

In reality, any two variables in a design are correlated in some way. Design guidelines should be set in
such a way that favorable correlations prevail. In the following discussion, variables are aways con-
sidered independent.

For Ay’ sas shown in Figure 4-1, the difference between two AV /s is expressed as

A= (AVge—AVy) £ V(AVy B )?+(AV o),
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where AV 0 is the 30 variance. For AV =150 mV, Avee'z 140 mV and 0,,=0.2, the resulting A is
10 £ 41 mV. Asacomparison, A= 10 £ 58 mV if bounds-based analysis is used. Thisis a classic
problem of taking the difference of two large numbers where the error can be much larger than the
difference. In fact, the worst case occurs when both AV, and AV, assume the maximum values.

As has been discussed in Section 3.4.1, one of the design disciplinesisto minimize the electrical distance

between the master and the slave reference generators. As adesign constraint, A,.'s are assumed to have

amean value of A" bounded by 30, =max{A.}, which is symmetric around the mean. In most cases,
ee

the mean of A, will be zero.

45. General Derivation

In this section, Equation (53) will be revisited and modified using the concept of means and variances as
discussed in the last section.

For a given gate, V,, V and V 4 are functions of random variables AV . and A,.. Here the random
variables AV . and A, are independent and have means AV ™ and zero, and 30 variances AV /™6,

and A", respectively. Note that the variance of AV . is afixed percentage of its mean while A, has a
fixed distribution bounded by the design constraints.

The modified set of Equations (53) are expressed as

Voh = Vcc - AVcc - Rmm Vs
with
300h=x/(AVCCE>CC)2+(R|;2SmAeem<)2, (58)
R
Vol = Voh o Vs
Res
with
_ 2 R 2
30,=V(30,,) +(R_CSAeeWHX) , (59)
and
er_
Viet=Von™ @ Vs
with
2 Ry 2
30,4 =V (30 + (0™ (60)

(&5
Note that the variation of the ratio of R;;;,/R. is not considered, implying tracking resistors are in place.
The level variations are depicted in Figure 4-2.

From Figure 4-2, the loss of noise margin considered as random variables is expressed as
ANMN=V, -V 12V
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VCC r
_ e _AV ccC INE
V o
Voh -2 vitual_Vee  —---3 A
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v ref
Vo| _____ \ _______________________ N

Figure4-2: Signal levels after compensation

and
ANM'=V, =V, - 1/2V

ol

where R" /R" . and R /R ¢ are usualy 1/2 and 1. It follows that the mean of ANM equals zero if the
voltage drops on the V. and V o, lines can be calculated exactly. The variance of ANM can be expressed
as

RI’
BGANMh=\/(300h)2+(30ref)z=\/2(300h)2+(Rr—LAeemaX)2:\/ 2(30,,)2+(0.50,™)2
cs
and

30, =V (30,)2+(30,4)?=V2(30,,)%+(0.5A, )+ (%Aeemﬁzz V2(30,,)%+ (150, )2,

Note that the loss of low noise margin is more than that of the high by the last factor. In order to obtain
the maximum 30, the problem reduces to determining the maximum of g,

From the second equation of Equations (58), we see that 0, consists of two terms in the square root: the
first term involves AV ., a random variable with a distribution; the second term involves Ry, /R, @
"congtant”, and A, arandom variable with a distribution. In fact, the resistance ratio R;;,/R.s can be
expressed as a function of the means as

Rtri m_ Vohrn - AVccm
RC$ Vohm

where V™ is the mean of V ,, the unperturbed virtual V.. Figure 4-2 clearly shows that the two terms
are complementary. Theworst case V y, variation follows

max{ 0} = Max{ max(1st_term) and min(2nd_term),min(1st_term) and max(2nd_term)}.

38



NOISE ISSUESIN THE ECL CIRCUIT FAMILY

Let us substitute in some numbers.  Assuming that max(Ry;,/R.)=1/3 when min(AV)=0,
MiN(Ry;/R)=0 when max(AV )=150 mV, A ™*=25 mV, V=500 mV, and 5..=0.2,
max{ g .} =max{ 30mV,8.33mV} =30mV.

It follows that 30, = v2* (30)2 + (0.5*25)2 = 44.2 mV and 30, = v2* (30)2 + (1.5*25)2 = 56.6 mV.

4.6. Emitter Follower with Pull-Down Resistors Revisited

The noise problem associated with the pull-down resistor of an emitter follower originates from V,
variations resulting from J variations. As discussed before, the sources of J variation in this case are
output level variations and V o, variation. In this section, Equation (42) in Section 3.3.1.2 will be re-
derived by using the concept introduced in Section 4.4. Let us copy Equation (42) here for reference.

(Von =AVoh) = (Veeo * AVeep)

A=vIn(vV )
rIn( (Vg —AV,) = (Vggp + AV,e)

As discussed in the last section, V, and V o, are now considered as random variables. To simplify the
mathematics, the numerator and the denominator inside the square root are treated separately and a
bounds-based analysis will be applied afterwards. For the numerator N and denominator D, we get

N=V = Ve
with

On =V (Og)* + (Ogep)?
and

D=V, -V,
with

Op =V (05)%+ (Oeep)

The revised equation for the V,, variation becomes

vV, M-V _,"-30
A=V In(v " &2 N). (61)
(V, "=V, ,"-3a,

Assuming V, M=0.85 V, V ,M=-1.0 V, V,,M=-1.9 V, V=0.6 V, VM=-1.6 V, 30,,=30 MV, 30,,,=30
mV and A "*=25 mV, we get 30,=50 mV by Equation (59), 30\=42.2 mV and 30,=58.3 mV. The

Ve Variation, A, is19 mV.

There is also the noise associated with variations of the resistance as discussed in Section 3.3.2. The J
variation resulting from the resistance variation shiftsthe signal levels. Assuming 20% lot to lot tolerance
of the resistance, AV, from Equation (49) is about 5.5 mV.

To summarize the above discussion, the worst case noise generated by the pull-down resistor of an emit-
ter follower is around 24.5 mV with the above operating assumptions.
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5. Noise Budget
In this chapter, a noise budget based on discussions in previous chapters will be presented.

5.1. General Discussion

TREE Emitter followers

A Vcc Wired-Oring + Level shifting

In Fan-In Noise from tree Out

— o ™ EF + Level shifting —
Incomplete-I Switching

AV
A ael ee2
(@)
Virtual_V ¢
degraded V gp

degraded V g ’

\
o A

« note: Vef variation included

(b)

Figure5-1: A global picture of noise margin

To review the basic problem of noise margin, Figure 5-1 shows a global picture depicting the essence of
noise margin preservation. As depicted in Figure 5-1(a), a gate is composed of a tree section and an
emitter follower section. The major noise sources pertaining to the tree section and the follower section
as discussed in Chapter 3 are listed in the block diagram.

It is straightforward to figure out the loss of noise margin of a gate as defined by the block diagram. The
total loss of noise margin is simply a sum of the contributions from all the participating sources. Note
that wired-OR is always considered as part of the emitter followers. The noise budget is then defined as
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the sum of the contributions of all possible participating sources of the most complex gate. As always,
thiswill be the worst case noise budget.

5.2. A Sample Noise Budget

Table 5-1 shows a sample noise budget. The assumptions in creating this noise budget are as follows.
The nominal operating junction temperature is 85 ° C at which v ~ 30 mV. The voltage swing is taken
to be 600 mV which only affects the noise contribution from series gating. The worst case temperature
gradient on chip is less than 20 ° C. The worst case voltage drops on the power distribution network for
Vo Veer @d Vo, are 150 mV each. A master reference generator is placed within an electrical distance
of plus or minus 25 mV from all the slave reference generators and the current sources connected to this
master reference generator. In other words, 25 mV isthe maximum A, as discussed in Chapter 4.

The first column of Table 5-1 lists the noise sources, all of which have been discussed in Chapter 3. The
reader should refer to individual sections for details. The second column lists the noise in millivolts as
generated by each noise source. The third column tabulates the noise after resizing of relevant transistors.
The contributions of noise of the ones that are check-marked in the fourth column add up to the number at
the bottom. This is the total noise contribution after transistor resizing. The fifth column tabulates the
result of noises after resistor trimming of both the top resistor, Ry;,,, and the current source resistor R .
The last column summarizes the noise contribution after both transistor resizing and resistor trimming.

Transistor resizing is mainly for the cases of fan-in and/or wired-OR. The reason for the extra one
millivolt in these cases stems from the assumption that only integer multiples of minimum size transistors
are used. For example, the reference transistor is supposed to size up by a factor v8=2.8 but a factor of 3
isused instead. Note that within this category, an IR drop of 15 mV isaso listed. Thisisto remind the
designers that when either the fan-in or wired-OR transistors are pulled far apart, there is the emitter
current flowing across the long common-emitter line creating an ohmic drop that translates directly into
noise. Thiswas discussed in Section 3.3.1.3. Note that thisitem is not check-marked in either columns 4
or 6. If this occurs, the designer has to make sure that he or she can steal the noise budget from other
itemsfor it.

In the second category, incomplete current switching as discussed in Section 3.2.2 is listed. The short
hand notation 2s-3s stands for gates where both the second level and third level are driven single-endedly
and there is no fourth level. The short hand notation 2s-3s-4d stands for gates where both the second
level and third level are driven single-endedly and the fourth leve is driven differentially. The fourth
level signal is usually the differential clock at a half voltage swing. Here the second level corresponds to
thefirst ECL level, while the first level correspondsto the CML level. With a600 mV voltage swing, the
normalized swing, s, is 20. With Equations (29) and (35) derived in Section 3.2.2.1 and 3.2.2.2 and the
guidelines provided at the end of that section, the noise lost to series gating is calculated and listed in the
table. Asmentioned earlier, thisisthe one noise that is related to the voltage swing. If adifferent voltage
swing is desired, this noise needs to be recalculated. It is evident from the equations that the smaller the
voltage swing the larger the noise contributed from series gating.

Thereisanoise of 6 mV listed for a degradation which requires some explanation. As was discussed in
Section 3.2.2.3, a 3 of 100 causes a degradation of 1% voltage swing every time a transistor is encoun-
tered going up a tree. For V=600 mV, this corresponds to a 6 mV degradation. Treating it as an
incomplete switching noise, one can always trim R to eliminate this noise. In a typical gate with
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. * trans. resistor
Noise Sources " sizing " trimming
Fan-In n=28 62.0 33.0 \ 1.0 \
Wired-Or n=38 62.0 33.0 Vv 1.0 Vv
IR drop on emitter connect 15.0 15.0 15.0

(e.g. Imm min-m1 of 1mA)
Incomplete I-switching

Series gatin 2s-3s 31.6 31.6 1.0
98N 9s5.3s-4d 333 333 v 1.0 v

Alpha degradation 6.0 6.0 Vv 1.0 Vv
Jef Vvariation

real CS 7.0 7.0 \ 7.0 \

Ref asCS 24.5 24.5 \ 24.5 \
Reference voltages

bandgap gen. 5.0 5.0 \ 5.0 \

Vr0 30.0 30.0 30.0

Vrl-3 7.5 7.5 \ 7.5 \

Vr's distribution 4.0 4.0 \ 4.0 \
Process variation of Vbe 6.0 6.0 \ 6.0 \
IR drops

on Vee & Vee 1750 175.0 V. 570 %

(150+25)

on signal line (10mm) <20 <20 Vv <20 \Y

A = 20C 30.0 30.0 v 30.0 \
366.3 147.0

* InmV, T=85C , v =30 my and V=600 mV

T

Table5-1: Noise Budget
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two-level series gating, one can simply tune up the Vreg generator to compensate for it without trimming
the resistor. Asit can only be compensated for a"typical” gate, the output of a gate with three-level series
gating will still suffer one a degradation. For thisreason one level of o degradation noiseisincluded.

The third category relates to the current density variation of the emitter followers. The case for the
pull-down resistor was discussed in Sections 3.2.3 and 3.3.1.2, and summarized in Section 4.6. The
number listed in the table is adirect result of those analyses.

The case for areal current source has two parts. The first part has to do with resistance variation and was
discussed in Section 3.3.2. The associated noise can be calculated from Equation (48) and will be
referred to as contribution A with 30, =v;In(1+3,). The second part has to do with the A, variation

which results in variation of the voltage across the current source resistor. This will be referred to as
max

Vgt
contribution B with 3og=vgIn(1+> = ).  The total contribution to noise is then
S

30,,5=V(30,)%+(305)%.

For alot to lot variation of §=20%, A, /™=25 mV and V=600 mV, the total noise is calculated to be
about 7 mV.

The fourth category has to do with the noise associated with the reference voltage generation and distribu-
tion. This was discussed in detail in Section 3.4. Five millivolts are listed for the distribution of V ¢ or
Vreg. The contribution from the IR drop on the bottom rail isincluded in the category of IR drops of V
and V.. Thelast row in this category is essentially a design restriction where only a maximum of 4 mv
isalowed between where V is generated and where it is referenced.

The variation of V. is atechnology parameter which is ameasure of the consistency of the process.

The issues of IR drops were discussed extensively in Section 3.3.1. The trimming methodology was
covered in Chapter 4 where detailed derivations can be found. The effectiveness of resistor trimming is
obvious from these numbers. Voltage drops on signal lines are usually negligible as the loading currents,
essentially base currents, are small. Here 2 mV is budgeted for this noise. It roughly corresponds to the
voltage drop of a 10 mm minimum width metal line carrying a current of 1mA/100.

The last item is the on-chip temperature gradient. Here a20 ° C maximum difference is assumed for a1.5
mV/C V|, variation.

5.3. Summary

In the last section, a sample noise budget was presented with assumed boundary conditions. The noise
budget varies from design to design as boundary conditions change. In order to guarantee functional
circuits, a noise budget and associated design guidelines should first be established.

This document provides detailed analyses on DC noise issues associated with the ECL circuit family. It
is the hope of the authors that by understanding the nature of the noise problem, a sound design methodol-
ogy can be established.
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