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ABSTRACT

The class of Steerable Localized Injection Multipliers (SLIM) is known to be of high
speed with least self-noise among all known analog multiplication techniques, and to be
highly suited for VLS| implementation. SLIM design with predictable bounds on
multiplication error due to intrinsic circuit noise requires valid noise generation modeling.
Two models of SLIM noise sourcing are formulated: a small-signal model and a large-
signal mode!.

These noise models were ssimulated using SPICE to determine the power spectral density
of SLIM output noise. The output power spectral density was shown to be flat over the
frequency range up to 100MHZ, in agreement with prior experimental results.

INTRODUCTION

A comparitive study [1] of analog multiplication techniques for VLS| implementation of
analog signal generation. processing and detection operations reveals that SLIM (for
Steerable Localized Injection Multiplier) excels for high speed and least noise. Noise
circuit models are established in this paper to facilitate theoretical exploration for

designing SLIM configurations with predictable intrinsic noise limitations on multiplication
accuracy.

Two noise modelsfor SLIM are presented a small-signal model based on average
steerable localized injection device resistive behavior vs. variable emitter crowding, and a
large-signal model based on variable resistance characteristics vs. variable emitter
crowding. In outline, the procedure for developing the modelsis:

First, the SLIM structure is modeled as consisting of a split differential processing circuit
with intermediate current-injection circuit sections.



Second, active devices with resistive and shot-noise properties are modeled by well
established Nyquist-type noise sources.

Third, specia structural symmetrical characteristics are capitalized on to derive the circuit
overal noise output expressions as a sum of separate components, each traceable to and
representing a particular internal source of noise.

Finally, SPICE simulation of the noise equivalent circuit modelsis used to derive the
output power spectral density vs frequency for comparison with available experimental
results.

After abrief review of SLIM fundamentals, the topical outline of this paper follows the
above outline of the steps carried out to devel op the noise models of SLIM.

Review of SLIM Fundamentals

The basic mechanisms that effects the multiplication in a SLIM isillustrated in Figure 1. A
SLIM thus consists of essentialy two complete carrier-domain devices (CDDs) sharing a
common collector region. Each device has an elongated emitter placed in a narrow base
region which also serves as aresistor: in fact, each side of the base surrounding the
emitter acts as aresistor but these are connected in parallel. Current isfed into these
resistors uniformly along their lengths by the conduction under the channels of two FET
structures, one on each base region, atotal of four FETsin the complete dual-device. The
base thus acts as the normal base region of an NPN transistor, as resistors, and as FET
drains.

The conceptual SLIM structure shown in Figure 1 consists of two resistive strips of
length 2L each which are connected in parallel and are injected at complementary
positions with complementary currents. With the notation in the diagram.
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Thus, the differential output current is proportional to the product of the input variables.
The multiplicands X and Y can take on positive and negative values: hence, SLIM isa
four-quadrant multiplier.



The mechanism in Figure 1 may be implemented by using two CDDs (carrier domain
devices) whose steering base contacts are cross-coupled to produce the complementary
domain motion. The parallel strips are formed by the two buried layer collectors of the
CDDs.

SLIM Device Modd

For many purposes, we can model the SLIM as a mobile point-geometry NPN transistor,
connected in a grounded-base configuration, conveying its emitter current |- to avariable
location along the elongated n-type diffusion, which simultaneously acts as the collector
for the transistor, and as a current-dividing resistor as shown in Figure 2.

The good linearity between the base input-voltage v, and the effective center of the
domain occurs over most of the positional range, but as the domain nears the ends of the
emitter, the current-density distribution becomes a truncated Gaussian function. Figure 3
shows the current density profile for a given base voltage.

With reference to Figure 4, abasic SLIM configuration is circuit modeled by, nine
separate transistors with emitter currents driven from a common source, and collectors
connected to eight 200Q2 resistors in series representing the collector buried resistance.

The elongated base of total resistance 4KQ is represented by eight 500Q resistors
connected in series. The base isinjected with current from a 2.3mA generator via |5KQ
resistors. These resistors represent the output impedance of the current injecting JFET.

A domain typically occupies three transistors, the center transistor passing about half of
the domain current. Excitation of the base is by two current generators of opposite
polarities with 10Q shunts representing the output impedance.

SLIM Noise Models
Average Resistance (Small-Signal) Noise M odel

Small signal noise modeling of SLIM is based on the average resistance noise model
shown in Figure 5 for the bipolar transistor previously used [2] to study the noise
generation mechanismsin SLIM. There are two ways to evolve the small-signal model [3]:

1. One way would be to incorporate the mechanisms of SLIM in one noise model
[4][5][6]. But this method will not yield exact results due to the presence of the
moving domain which cannot be accounted for in that specific model.



2. The second way isto treat the model of the SLIM device as a differential amplifier

and add the remaining transistors as we go along [ 7][8][9]. This method provides
more accurate results than the first one but fails to model the emitter crowding
effect that occursin SLIM.

The average resistance model is good for small signal applications and exhibits the
following features [10][11][12][13].

The noise generator V¢ is associated with the thermal noise of the base resistancer,.
Its mean sgquare value is defined in terms of noise resistance:

V2 = AKTr Af

where

4KT=166x 10%V-C

r, 1S the base resistance.

Af isanarrow frequency interval.

The noise generator \2 is associated with the thermal noise of the output impedance
of the source of injecting current. It is expressed by:

V2 = AKTr Af

wherer is the output impedance of the source of I

The noise generator V2 is associated with the thermal noise of the collector buried
resistance.

V2 = AKTr Af

wherer . isthe collector buried resistance.

The noise generators iz and i2 are associated with the transistor shot noise and are
given by

i2 = 2ql Af

and

12=2ql Af

where

|5 isthe base current.

| isthe collector curent.

g=16x10"C

The total output noiseis calculated by considering each noise source in turn as follows:

Mean squared noise voltage produced at the output by v
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where
Z = rali5ze,
» Mean squared noise voltage produced at the output by i2
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« Mean squared noise voltage at the output dueto i?is
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» Mean squared noise at the output due to V2 is
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Since all five noise generators are uncorrelated, the total mean squared output noise
voltageis:

v = 2
n- 1
Substituting expressions for the noise generators, we obtain:
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Thismode - - asafirst approximation - - describes the noise mechanismsin SLIM
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devices. But it does not explicitly account for the current crowding phenomenon in SLIM.



Variable Resistance (L arge-Signal) Noise M odel

In the preceding model. the resistive behavior of the active base was simulated by a series
resistancer,, and its associated noise source of Nyquist type. That model did not
explicitly reveal crowding effects[14]. It has been shown that this effect appearsto be
significant at high frequencies[15][16].

In this section. a new small-signal equivalent circuit model isintroduced that takes into
account explicitly the emitter crowding effect intentially introduced in SLIM. This model
coincides with earlier ones developed by Fukui[17], Malaviyaand Van Der Ziel[18], and
Caminade, Le Gac and Blasquez[19].

Figure 6 shows the equivalent circuit for noise calculations.
This model exhibits the following features:

» Theresistive behavior of the active base region is ssmulated by an impedance Zg;:

Zpg = o
S RTIMP
[ ]

The parameter r,,; and the characteristic frequency f, depend on transistor geometry

and biasing conditions:
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where
R isthe average base resistance ([15] Eq.44)
‘a isagpecific parameter of the biasing conditions:
gRlg
KT

fyisthe cut off frequency:  fs = s cver)

a =

D, and D, are geometric coefficients.
D, =3and D, = 4.5 (for rectangular devices)[15]

» The noise generator \2 is associated with the thermal noise of the impedance Z;. It
isgiven by:
V2 = AKTRAf
where
R; isroughly equal to 2_'351



R; was found from previous studies involving the distributed model of the
transistor.

« The noise generator i3 is associated to the transistor shot noise and given by:
15 = 2015P” | Zgg | 2 Af
In this model p? is not equal to unity. Thisis a characteristic result of the distributed
nature of the active base. It has been shown [20] that p? depends on biasing

conditions as well as frequency. Itisgivenby: p*=1+03(1+ %)

V2 is associated with the thermal noise of the output impedance of the souce of |
V2 = AKTr Af
wherer, is the output impedance of the source of [;.

« The shot noise source i2;, is unfacted by the crowding effect and given by the well
known formula[21].
i35 = 20| pZos Af

» The noise generator V2 is associated with the thermal noise of the collector buried
resistance:
V2 = 4KTr Af

« The noise generator i2 is associated to the transistor shot noise and given by
i2=2ql. Af

Substituting expressions for the various noise generators we obtain:
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Computer Simulation Analysis

This section presents the results of the computer simulation of SLIM using the
SPICE2G.1 simulation program. The simulated results include the transfer characteristics
and noise analysis for SLIM. SPICE Bipolar Junction transistor model is presented along
with a summary of the results obtained.



SPICE BJT Model
SPICE2G.1 ssimulation program employs a BJT model[22] that is a combination of two
other models:

» The Ebers-Moll model[23] with the addition of basewidth modulation [24].
» The Gummel and Poon Model [25][26][27] based on the integral charge model.

Figures 7 and 8 show the SPICE BJT model and the linearized BJT model called the
Hybrid  model. Figure 9 shows the summary of noise analysis results obtained viathe
SPICE2G.1 ssimulation program. Figure 10 shows the. output noise analysis of SLIM.

Significance of SPICE Simulation Results

The ultimate validity of amodel rests on its ability to generate results that are in agreement
with experimental observations. In the absence of the appropriate laboratory
instrumentation, the alternative to validation by experimental measurementsis to determine
computable noise characteristics by computer simulation and compare the results with
available experimental data measured by prior investigators without the benefit of the
model. Fortunately, extensive noise measurements were performed and the results
abstracted in terms of output noise power spectral density. The experimental

measurements have established that the output noise power spectral density of SLIM is
uniform from DC to 100MHz beyond which it falls off.

The SPICE results summed up previously, clearly show that the output noise power
spectral density of SLIM noise, with the SLIM multiplier circuit noise as modeled by the
anaysisin this paper, isindeed flat out to 100MHz in full agreement with the available
experimental data. This agreement definitely provides a conclusive validation of the
variable resistance (large-signal) SLIM noise model originated in this paper. The
sufficiency of this validation rests upon the fact that for a noise process that is known to
be Gaussian, as in the present case in the present study, the processis completely
determined by the power spectral density.

CONCLUSIONS
The theoretical study of noise generation mechanisms was performed based on the

average resitance model. The theoretical results agreed with those obtained using the
SPICE2G.1 simulation program.



An important observation from the results obtained showed that the output noise of SLIM
remained constant over changes in frequencies from 1KHz to 100MHz We noticed a
slight change upon reaching the frequency of 100MHz over which the device does not
operate.

A new noise model for SLIM was devised to take into account the various effects not
covered by the average resistance model, mainly the emitter crowding effect and the high
base resistancer,,

Thelogical next step to the validation of a noise model for SLIM isthe search for acircuit
design methodology to reduce noise in integrated circuits. A SPICE-like ssimulation
program that takes into account the various phenomena that occur in SLIM should aso
be devel oped.

The poor linearity of SLIM is another area that should be of great interest especialy if
CDD multipliers are to compete as an alternative to the translinear multiplier[1].

Another promising areafor further research is the realization of a function generator using
CDD based devices.
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Figure 1. Conceptual Structureof aSLIM Multiplier
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Figure 2: Mobile point-geometry transistor
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Figure5: Bipolar transistor noise model for studying noise
generation mechanismsin SLIM
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Figure 7: SPICE BJT model
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Figure 8: Linearized BJT model

Frequency Output Noise(SQ/Hz)
1KHz 3.588 x 10*°
10 KHz 3.588 x 10*°
100 KHz 3.588 x 10*°
1 MHz 3.588 x 10*°
10 MHz 3.588 x 10*°
100 MHz 3.588 x 10*°

Figure 9: Summary of SPICE Simulation Results
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