A Circuit Method for Designing
Precision Terminations

This narrow- to medium-bandwidth approach can dramatically reduce

temperature variation
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that uses a transmission line to separate two

identical and correlated resistors to cancel
temperature and process related drifts in the
resistor values. In addition, the method greatly
reduces the effect of the parasitics in the resis-
tors. For a narrow band, the proposed circuit
reduces a 20 percent variance in a simple resis-
tance termination to less than 1.7 percent, while
a parasitic series inductive reactance of 20 ohms
is reduced to 1.0 ohms. The bandwidth for a 4-
fold improvement in the resistive variation is
about 30 percent. Finally, for a microstrip line
implementation of the proposed circuit on glass,
simulations show that for 20 percent bandwidth
at X-band, the reflection coefficient magnitude
is confined to within 0.02 under realistic process
variations compared to 0.12 for a simple termi-
nation. This termination circuit is extremely
useful for the design of process and temperature
tolerant circuits.

Numerous wireless communication systems,
such as LMDS [1], require oscillators, which
have well-defined frequencies and very little fre-
quency drift with temperature. Unacceptable
frequency variation can occur if the termination
drifts with temperature [2]. In addition, process
variations can affect the value of the termina-
tion, thereby changing the oscillation frequency
and requiring various tuning adjustments. As a
result of the variation in termination value,
manufacturing yields are affected due to the loss
of frequency precision. There are many other
applications where precision resistors are also
required, such as low cross-section radar. This
article provides a novel circuit that is simple to
implement, but achieves consistent termination
value over temperature and process variance

In this article, we will discuss a novel method
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A Figure 1. Proposed circuit for achieving accurate
termination: (a) shunt scheme; (h) series scheme.

and has the benefit of reduced parasitic effects.

Design theory

Figure 1 shows the proposed termination,
where a transmission line separates two loads
and acts as an impedance inverter. Figure 1(a)
shows a shunt scheme, and Figure 1(b) shows a
series scheme. Since the two circuits are dual,
the analysis of the shunt scheme with normal-
ized impedances is identical to the series scheme
with normalized admittances. Therefore, we
only analyze the shunt scheme; its dual can be
evaluated by replacing normalized impedance
by normalized admittance, and o and 8 by o



and f3,, respectively. Also note that the load in the shunt
scheme is assumed to be a series combination of a resis-
tor and reactance, while the load in the series scheme is
a parallel combination of conductance and admittance.

Let the normalized value of the load relative to line
impedance Z, be o and 3, where o and 8 are complex
quantities. Using ABCD matrices the input impedance
Z,, is easily obtained as:

(B+ jtan6)a

= 1)
" (a+ B)+ j(af+1)tan6

where 6 is the line length.

To reduce the variation of Z;,, with respect to 6, @ and
B, the partial derivative of Z;, is equated to zero for each
variable under the constraint that « is proportional to S.
Thus, for maximally flat response, the partial derivative
of Z,, with respect to 6is zero. On differentiating [1] and
equating to 0, we obtain = 1. Z,, at this nominal value
of Bis independent of 6 and equal to:

7 =z ¢ (2)

Moreover, o and 3 are correlated as they are typically
fabricated using batch processes, such as in wafer pro-
cessing. An incremental change (or deviation) in o also
means a proportional change in . Mathematically, if
partial of B with respect to o is given by f/c, as would be
the case when the geometric aspect of the resistors are
the same, then partial of Z;, with respect to o can be
written as:

B(o:+ B) +tan® §(aB - 1) +2jBtan6
[(ac+ B)+ j(oB +1)tan 9]2

% g

o (3)

This derivative can be equated to zero provided 6 =
/2 and o« - 1 as B = 1 for maximally flat condition.
Thus, in the ideal situation when oo = land f=1,Z7;, =
Z./2, or the termination is half the line impedance and to
first order independent to correlated variations in o and
B, and to variations in 6.

In practical situations, though the two resistors can
be identical to due to batch processing, the two resistors
are not equal to unity because of non-idealities, such as
load inductance and temperature, as well as process
variations. Then o = B # 1 and partial of 8 with respect
to o is equal to unity. Equation 1 becomes:

(B+ jtan6)p
2B+ j(B +1)tan9

4)

where the desired value of § is unity. S can be approxi-
mated by 1 + y where y is a small complex value and
represents the non-ideal situation.
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By expanding Equation (4) to second order in y, we
obtain:

Z, = % [1-iy sin(6)cos(6) +y cos®(6)

5)
2 2 2
- % + % cos?(6) - i% sin(0)cos(0)]
as compared to a simple load given by
(6)

1243
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5 (1+7)

Since 6 = /2 and |y| <<1, Z,, as given by Equation
(5) is much less susceptible to variations in y due to fab-
rication and temperature variations. Also note that
when 6 ~ 7/2, Equation (5) still shows that the effective
variation in Z;, with y is small. In other words, the
improvement in tolerance is insensitive to slight
changes in frequency or changes due to slight errors in
electrical length of the transmission line (see Figure 2).

This ideal situation is perturbed by line loss, para-
sitics in the load and the non-availability of transmis-
sion line with impedance exactly equal to twice the
desired load. We may now consider the effect of these
additional process parameter variations on the designed
load in more detail.

If we consider a real termination required to have a
resistance value of R ohms, then the transmission-line
impedance is nominally 2R ohms and 90 degrees long at
the center frequency. The transmission line separates
two 2R-ohm load resistors that are correlated and iden-
tical. If, for example, the transmission line has a loss per
unit length of o5 and the length of the line is /, we can
define variable a to be ¢yl. If the load impedance is given
by R, + jXj, we can further define r = (R;- 2R)/2R, and
x = X)/2R. In addition, let the transmission line imped-
ance be perturbed to 2R + 24R,,. and r,. = (4R,/R).
Then at 6 = 7/2, the termination will have an input
impedance given by:

Zy, =(R+AR, 1+a(r-r,) _{r=n)

+j(~(r -1, )x+ax)] )

+ O(r3, 2, rix,r,%x, a?, ar?, ar,?, arx, )
Equation (7) is obtained by considering the ABCD
matrix of a lossy transmission line to derive the input
impedance followed by sequential series expansion for
small variables at 90-degree line length. The error in the
transmission line impedance is included after all the
other errors by simply assuming that the design
required was for the perturbed value of the impedance.
Notice that the dominant effect is due to inaccurate

transmission line impedance. Present-day CAD design



software, including EM simulators, provide better than
1 percent accuracy in impedance for most transmission
lines. Since transmission lines can be precisely fabricat-
ed on well-controlled substrates, the temperature effect
on the impedance value is small, thereby, the dominant
variation is considerably reduced.

All other error terms due to parameter variations in
Equation (7) are of second order. The line loss has minor
effect on the overall cancellation because the load
impedance is approximately equal to the line impedance
of the 90 degree section and a is very small. For 90
degree transmission line, a is given by 7/(4Q,) where @,
is the unloaded quality factor of the microstrip.
Typically, a is of the order of 0.01, and thus the effect of
the line loss on the overall circuit is negligible.

Although broadband loads have been recently demon-
strated in microstrip medium [4], load parasitics can be
significant. Equation (7) shows that using the proposed
circuit, the parasitic effects are second order in x. The
imaginary part is also of second order as the multiplying
term related to impedance error of the line is small.
Thus, the transmission line at the central frequency is
able to remove both correlated resistance variations and
constant parasitics.

Finally, we consider line-impedance errors due to
process variations for the special case of microstrip
medium in more detail. For microstrip process varia-
tions, the parameters that affect the line impedance
include substrate thickness (H) variation, line width (W)
variation, the line metal-thickness (T') variation, and the
variation of effective dielectric constant (g.). Following
the procedure suggested in reference [5], the maximum

line-impedance variation, AR,,, is given by:
AR
[ABy| _|AW or| [AH gl | [Ae, or| AT gl )
R |w | H le, || T
where
r_AdR 9)
47 RoA

is the sensitivity. To implement the shunt approach
shown in Figure 1(a), two different mediums, HMIC [3]
and GaAs, are considered. Substrate height, H, for
HMIC is nominally 0.2 mm, and for MMIC, it is 0.25
mm. MMIC with 0.1 mm thickness is not suitable for
high impedance lines; therefore, for MMIC, with 0.1 mm
substrate thickness, the series approach shown in
Figure 1(b) may be preferred.

Assuming that the designed line-impedance 2R is 100
ohms, with a maximum line width variation of =1 mm,
substrate height variation =5 percent, 1 percent varia-
tion in effective dielectric constant and 0.5 um varia-
tion in metal thickness, the worst case deviation of the
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A Figure 2(a). Magnitude of the vector difference of the nor-
malized impedance from unity. Case A: yis 0.2. Case B: y
is 0.2 + 0.1j at 1 hertz; the load is inductive.
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A Figure 2(h). Magnitude of the vector difference of the nor-
malized impedance from unity. Case C: yis 0.2 + 0.2/ at
1 hertz. Case D: yis 0.2 + 0.5j at 1 hertz. The load is
inductive for hoth.

impedance can be calculated. For HMIC [3], a 100-ohm
line impedance will vary by up to 3 ohms, while for
MMIC the variation may be 3.7 ohms. The change in
effective dielectric constant has little effect on the band-
width response as we discussed previously. Thus, corre-
sponding variation in the designed impedance line will
be £1.5 ohms and =1.9 ohms from run to run. This cor-
responds to less than 0.01 error in magnitude of S;; at
the designed frequency.

Results
Let us first consider the proposed circuit shown in
Figure 1(a) with ideal elements, in which case Equation
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9.0to 11.0 GHz

A Figure 3. Vector Sy, plotted in polar coordinates for the
simple and the proposed shunt circuit for & of 4.0 and
substrate height of 200-um. The circuit layout is also
depicted.
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A Figure 4. Vector Sy, plotted in polar coordinates for the
simple and the proposed shunt circuit for & of 12.9 and
substrate height of 254 um. The circuit layout is also
depicted.

(4) and Equation (6) describe the impedance of the pro-
posed circuit and a simple termination, respectively.
Figures 2(a) and 2(b) show normalized frequency sweeps
of the magnitude of the vector deviation of the normal-
ized impedance from unity for four different cases. In
Figure 2(a), case A represents a pure resistive load that
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is 20 percent more resistive than the desired value. The
curve marked A-simple represents a simple termination,
while the curve marked A-proposed uses the proposed
termination circuit. From the figure, it is clear that for
60 percent band around the designed central frequency
the load variation is halved, and in a 30 percent band-
width the variation is reduced by a factor of four. Around
mid-band, the reduction is a factor of 10.

In Figure 2(a), case B has an inductive series reac-
tance of 5 ohms at the center frequency, in addition to
the resistive variance of 20 percent. With the proposed
circuit, the load is almost identical to the one without
the reactance.

In Figure 2(b), case C represents an additional induc-
tive reactance of 10 ohms beyond the 20 percent
increase in the resistive component, while case D repre-
sents an additional inductive reactance of 25 ohms.

In all of the cases, the proposed circuit improves the
accuracy of the termination from both resistance varia-
tions due to process and the presence of parasitics. The
degree of improvement demonstrates the usefulness of
the circuit for millimeterwave PCB mounted termina-
tions, where the parasitics can be large.

A simple realization of the circuit shown in Figure
1(a) at 10 GHz is simulated in ADS [1] using thin film
resistors. The selected design medium is glass [3] of
dielectric constant 4.0, substrate height of 200 pm,
metal thickness of 2.5 um and a required load of 50
ohms. The line impedance can be accurately determined
by using EM simulators. The EM simulators are within
1 percent of the analytical model given in the references
[6, 7, 8]. For a line width of 96 um, an analytic model
gave impedance of 99.3 ohms at 10 GHz, while three
commercial EM simulators based on MOM and FEM
gave current-voltage impedances in the range of 99.4 to
99.8 ohms.

Note that for a statistically centered desig, the line
impedance needs to be slightly more than twice the
desired load, because at either extreme of the resistive
variation, the termination impedance obtained by using
the proposed circuit is less than that at zero deviation.
The value is further affected by the load parasitics. For
the ADS model, with thin film resistors, the optimum
line corresponds to a 93-um-wide line, about 100.4 ohms
in impedance (see Figure 6).

The thin film resistor is modeled using the ADS
model. Other elements, such as a via-hole, bends and
microstrip T-junctions, are used to complete a realistic
circuit. Monte Carlo simulation using uniform statistics
on the various process parameters is conducted. Table 1
shows the nominal design parameters and their vari-
ances used in the Monte Carlo simulations. Figure 3
shows S;; for the frequency range of 9.0 to 11.0 GHz
(using a simple termination) and compares it with the
proposed circuit. The proposed circuit confines S;; to
within a magnitude of 0.02, while the simple circuit has



* Not to scale

9.0to 11.0 GHz

A Figure 5. Vector Sy, plotted in polar coordinates for the
simple and the proposed series circuit, for ¢, of 12.9 and
substrate height of 100-um. The circuit layout is also
depicted.

Film resistance 50-ohm/sq +20%
Width 93 um =1 um
Height 200 um +10 um

Metal thickness 2.5 um +0.5 um

Dielectric constant 4.0 +1%

A Table 1. Parameters used for Monte Carlo simulations for
glass.

Film resistance 50-ohm/sq +20%
Width 16.8 um +1 um
Height 254 um +10 um

Metal thickness 2.5 um +0.5 um

Dielectric constant 12.9 +1%

A Table 2. Parameters used for Monte Carlo simulations for
254-pm-thick GaAs.

Film resistance 50-ohm/sq +20%
Width 264 um +1 um
Height 100 um +10 um

Metal thickness 2.5 um +0.5 um

Dielectric constant 12.9 +1%

A Table 3. Parameters used for Monte Carlo simulations for
100-pm-thick GaAs.
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S1; varying up to 0.14, a considerable improvement. The
influence of the microstrip step used to connect a 50-
ohm line is small, and it can be included in the design if
required. Similar implementation was also accomplished
in 10-mil (254-um) GaAs. Table 2 shows the nominal
design parameters and their variances. Figure 4 shows
the Monte Carlo simulation and layout. This implemen-
tation has a step already included in the design.

In the microstrip implementation, a microstrip-Tee is
required to connect the first thin film resistor. In the
case of GaAs, the Tee introduces parasitics that move
the S;; in the Smith chart corresponding to a negative
inductance. This is easily corrected by a short section of
a 100-ohm line before the first load and after the step
from the feed line. For a 10 GHz implementation, the
line length in GaAs is about 40 um.

In this article, 10 GHz implementations for two
media have been presented. The demonstrated method
is also applicable for various other substrates, such as
Duroid 5880 (g, = 2.2) and Alumina (g. = 9.9).

For the 0.1-mm-thick GaAs, the series implementa-
tion shown in Figure 1(b) is preferred because it is easi-
er to implement a 25-ohm line compared to the 100-ohm
line required for the shunt configuration. Figure 5
shows Monte Carlo simulations at X-band with parame-
ter values and variances shown in Table 3. From the fig-
ure, it is clear that the improvement in the impedance
tolerance is less than that for the shunt examples of
Figures 3 and 4. This can be understood if one compares
the tolerance improvement for series resistor and induc-
tance for the shunt and series schemes in Figure 1. At
the central frequency point, the Z;, for the shunt is
given by

2 3
o} 2] -1 X)
2\ 2R 2\ 2R

(10)
4 5
o X).(X),..
2R 2R
where R is the characteristic impedance (50 ohms) and

X is the series reactance in the load.
For the series case, Z;, is given by

2 3
7= i3] 4
2\ R 2\ R

4 5
R R
Since the error in required Z;,, is less in magnitude for
the shunt scheme for loads with series parasitics, the
shunt approach of Figure 1(a) is preferred over the

series approach of Figure 1(b). However, since for 0.1-
mm GaAs, the 100-ohm line is difficult to obtain, the

(11)
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A Figure 6. Impedance of the termination value versus the
transmission line impedance for an ideal implementation
with =10 percent resistive variance.

series approach has to be used.

Finally, we will consider the system effects due to
inaccurate transmission line impedance. In a real circuit
application, it is more important for the termination to
be repeatable and temperature stable than it is for it to
be precise. Figure 6 plots the termination value as a
function of the transmission line impedance. The two
curves in the figure indicate the maximum variations in
the effective termination resistance when the thin film
resistors are changed by +10 percent due to process or
temperature variations. Notice that the maximum vari-
ation in the proposed implementation is less than 0.5
percent for any given transmission line impedance.
Clearly, though the transmission-line impedance affects
the termination impedance value, the value remains rel-
atively tolerant to resistor variations when the line is 90
degrees long. In addition, the transmission line deter-
mines the value of the terminating resistance. If there is
a systematic error, for example, if the line impedance is
wrongly calculated, the resultant termination will
match the erroneous line impedance of the system.

The key disadvantage of this circuit is that it is space
consuming and narrow-band. However, for the typical
sources required in mm-wave communication systems,
the size may not be an issue since the transmission lines
can be meandered and the frequency is high. Moreover,
the load can be narrow-band, as most of the required
sources for new communication systems are narrow-
band in nature. Also note that although Figure 1 shows
a transmission line as the separating element acting as
an inverter, it could be replaced with any other imped-
ance inverter.

Conclusions

A circuit with an order of magnitude improvement in
the accuracy of the load termination was discussed.

54 - APPLIED MICROWAVE & WIRELESS

Even though the load occupies more space, it will
increase circuit yield and reduce cost of mm-wave and
other circuits where temperature and process insensi-
tive resistors are required. |
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