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Reference Flat Pulse Generator

J. R. Andrews,* B. A. Bell,** and E. E. Baldwint

National Bureau of Standards
Boulder, Colorado 80303

A reference step-like pulse generator is described which has been developed at NBS.
This generator can be used for accurately characterizing the step response of various kinds
of trap ient recording equipment (oscilloscopes, waveform recorders, transient digitizers,
etc.). Basic design principles are given as well as complete circuit diagrams and de-
scriptions. An analysis of the output stage of the generator is presented together with
the circuit models for developing a time-domain computer simulation program using extended-
SCEPTRE. Preliminary specifications indicate that the NBS Reference Flat Pulse Generator
provides a negative-going reference transition duration (90 to 10 percent) of 600 ps, *20
percent with baseline perturbations of less than *2 percent for less than 5 ns.

Key words: available waveform; baseline; circuit analysis; flat pulse generator; modeling;
pulse delay; step response; topline; transfer standard; transition duration.

1. Introduction

1.1 Background

The need for a reference step-like waveform generator has become increasingly important for ac-

curately characterizing the step response of oscilloscopes, transient recorders, and fast sampling

channels of digital measurement instruments and automatic test equipment (ATE). The measurement sys-

tem response can be subtracted from the reference waveform to give the measurement system distortion

explicitly as a function of time (dynamic performance error). Equivalently, the reference waveform

can be deconvolved from the response of the measurement system (to the reference waveform) in order to

obtain the system impulse response. Here and in the remainder of this technical note a nominal load

impedance of 50 a has been assumed. When the load impedance is not 50 s, additional analysis is re-

quired (see, for example, ref. 1). By comparing the measurement waveforms and/or data with that of a

reference waveform, the fidelity with which the measurement system can acquire the waveform can be

determined. The dynamic performance of a measurement system is often desired, together with its abil-

ity to measure dc or steady-state quantities.

For example, it is well known that skin effect losses in shielded conductors and coaxial cables

cause their step response to approach a final dc level asymptotically [2,3]. Since all physically

realizable measuring devices require connectors, cables, wires, etc., transmission line effects on

fast input signals are bound to occur. Hence, any measurement system will cause a certain amount of

distortion to al applied signal which causes the acquired waveform to differ.

From a practical point of view, it is often desirable to be able to calibrate the dc voltage

levels of the measurement system, as well as any time-dependent parameters. For this reason a voltage

* Presently with Picosecond Pulse Labsi'Inc., P.O. Box 44, Boulder, Colorado.
**Electrosystems Division, National Engineering Laboratory.

Formerly with the Electromagnetic Technology Division, National Engineering Laboratory.
Certain commercial equipment, instruments, or materials are identified in this paper in order to
adequately specify the experimental procedure. Such identification does not imply recommendation or
endorsement by the National Bureau of Standards, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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step function, whose beginning and ending dc levels are calibratable, has considerable merit as a
reference standard, particularly if the transition between these two levels is also well-behaved and

predictable. Such was the purpose for developing a Reference Flat Pulse Generator (RFPG) in the Elec-

tromagnetic Waveform Metrology Group at NBS [4].

1.2 Objectives

The main objective of developing an RFPG was to design, build, and model a pulse generator stan-

dard which can provide a step-like pulse waveform of known amplitude and flatness, together with a

predictable transition duration between levels. Such a standard can then be used for the alignment

and calibration of pulse waveform measuring instrumentation.

As shown in figure 1-1, the step response of, say, an oscilloscope typically contains three

regions of interest in specifying its dynamic accuracy. The first one is the transition region in

which the important parameter is the transition duration, tr (often referred to as rise time), which

is the time required for the response to pass from the proximal (or 10 percent) level to the distal

(or 90 percent) level [5]. It is oftentimes difficult to ascertain the 10 and 90 percent levels of

input waveforms with sloping baselines and toplines. The calibratable beginning and ending levels

(topline and baseline, respectively) of the RFPG avoids this difficulty.

The second region of interest is the perturbation region immediately following the transition.

Ideally, the step response should smoothly and monotonically rise to the final dc (100 percent) level

and remain there. In practice, there are usually some small bumps, wiggles, overshoot, ringing, etc.

This region is usually described by the peak-to-peak amplitude, Vp, of the ringing (as a percentage of

the full-scale step), and the time interval, tp, required for the perturbations to disappear.

The third region of interest typically lasts over a relatively long settling time, ts, wherein

the response converges to (and stays within) a specified accuracy of the final dc value. Depending on
charge storage and nonlinear saturation effects in the measurement and display circuits, and on the
closeness to the final dc level, this parameter can be difficult to determine [6]. As shown in fig-
ure 1-1, tp and ts are both usually measured starting at the mesial (or 50 percent) level of the step
response.

1.3 Report Organization

This report is divided into six sections and four appendices. Following this introductory sec-

tion, sections 2 and 3 describe the design techniques, circuit details, and preliminary specifications

of the RFPG. Section 4 contains the circuit modeling, selected program listings, and computer-

simulated waveforms for analyzing the subject generator using SCEPTRE [7]. Appendix A contains the

list of parts used in the RFPG module. Appendix B provides the alignment procedure for making adjust-

ments to the generator as a source for calibration purposes. Appendix C describes time constant meas-

urements taken on rf switching transistors. Appendix D gives an analysis for approximating equivalent

capacitors.

2. Basic Design Techniques

2.1 Prior Methods

To date, there has not been available a flat pulse generation method which allows accurate deter-

mination (on a stable dc basis) of both the baseline and toplire levels and well-characterized transi-

tion and perturbation regions (see fig. 1-1). Manufacturers in the past have built step generators
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with varying success. In the subnanosecond region, tunnel diodes [8] or mercury wetted mechanical

switches [9] have typically been used. Tunnel diodes provide the fastest switching times, with 20 ps

being typical. Such diodes provide low-level pulses of the order of 1/4 V. Their major limitation is

the long-term sag in their output voltage due to internal heating of the junction. Thus, they cannot

be used for accurate calibration transfer from dc.

High voltage (tens to hundreds of volts) pulses can be generated using mercury switches. Transi-

tion durations as short as 39 ps have been obtained [10]. Disadvantages of mercury switches are: low

repetition rates, typically line frequency (60 Hz), limited life times, and pulse amplitude instabil-

ities of the order of a percent. Another more subtle problem stems from the use of transmission lines

in the pulse generator design. A typical mercury switch pulse generator, figure 2-1, consists of a dc

power supply, a charging resistor Rc, a coaxial cable of impedance Ro with electrical delay length TD
and the switch [TD = 2t/(Vp - C) where R is the cable length in meters, V, is the propagation factor

in percent, and C is the speed of light in meters per secondj. The cable is initially charged to the

voltage Vbb. When the switch is closed the line is discharged into the load resistor RL. Ideally, if

RL = Ro then a rectangular output pulse will be produced [11]. The amplitude would be 1/2 Vbb and the

duration would be 2TD. This concept should produce an ideal pulse amplitude standard related pre-

cisely to a dc measurement of Vbb. In practice, there are problems. First, Ro is usually not well

known, closer than perhaps one percent. Second, owing to skin effect and dielectric losses, real

cables introduce significant pulse distortion which alters the waveshape from the ideal rectangular

pulse and reduces the amplitude.

Earlier work at NBS addressed the problems of sag and distortion [10]. One of the common design

defects with conventional pulse generators is the varying load on the generator's power supplies as

the output pulse changes state. Depending on the dynamic regulation of the power supply, aberration

in the form of sag may appear in the generated topline and/or baseline.

One technique used by Andrews [10,12] to obtain a flac pulse consisted of a simple diode switch

(fig. 2-2). Initially, the switch S1 (in reality a PNP transistor operated in saturation or cutoff)

is open. The constant current I0 passes through the diode and R1, producing the generator baseline

voltage -IoR 1. When the switch S1 is closed, the diode becomes reverse biased, thus disconnecting 10
from R1. The output voltage tus changes rapidly to its topline value of zero volts. The pulse

generator system has a source resistance equal to R1. A constant current Io is always drawn from the

independent power supply -V. Thus, the topline and baseline determining elements are completely free
from power supply dynamic regulation problems. The only uncertainty in this circuit is in the transi-

tion region due to the switching transients of S1 and the charge storage time in the diode. By using
a Schottky diode, the charge storage time may be minimized. With this circuit very flat pulses were

obtained 20 ns after the positive-going transition.

To extend the flat pulse concept to the subnanosecond region, the mercury wetted switch was

attractive [11]. Figure 2-3 shows such a flat pulse generator. Again, the power supply (+V) provides

a constant current I0, regardless of the switch condition (open or closed). With the switch open, the

baseline is zero volts. When the switch closes, the generator topline is 10Ri. The equivalent gener-

ator source resistance is R1. Unfortunately, the disadvantages of the mercury switches, as mentioned

earlier, limited this approach.

Both of the above flat pulse generators also avoided the use of coaxial cables and their attend-

ant distortion problems. Instead, the principle of design is the use of constant current sources

steered to and away from the output load terminal via high-speed switching. The use of this technique
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was recognized and implemented by Andrews in 1970 [12]. Figure 2-4 shows the basic design of the

generator consisting of a constant current source I1 feeding the R1 resistor having a typical value of

50.0 Q. The I2 current source is turned off by means of the control gate so that a stable topline on
the voltage output pulse is formed by I through R1. When the control pulse turns on current source

12 such that

I1 = I2 = I0'

then the current flow to R1 is zero, so that the baseline voltage is (ideally) zero. By using the

turn-off of an active device (12), the transition in the output waveform is limited by the inherent
device switching speed and output capacitance. Flat-top pulses having a transition duration (10 per-

cent to 90 percent) of about 2 ns with around 5 percent to 10 percent aberrations were obtained by

this method.

2.2 Present Approach

The present design approach used in the RFPG is shown in figure 2-5. The technique is very simi-
lar to the earlier concepts, particularly the one shown in figure 2-4. Two major improvements are

provided, however, by the present approach with (1) inclusion of the output diode, and (2) control of

the negative current source by means of switches S1 and S2. The switching at t = to causes rapid turn
off of the output diode by steering 10 down through switch S2. A stable baseline voltage of essen-
tially zero volts is produced equal to the leakage current of the diode through R1 in parallel with RL
(typically, -100 nA - 25 9 = -2.5 uV). With switch Si closed and S2 open, the upper positive constant

current source is steered through the output diode providing a constant, and therefore calibratable,

topline voltage of Io through R1 in parallel with RL (typically, +20 mA - 25 a = +500 mV). The rapid
transition from the topl ne to the baseline (less than 1 ns in the present RFPG), is caused by both

the use of fast, rf-switching transistors for S1 and S2 and the sudden reverse bias seen by the output

diode. For best results, the diode is a passivated, Schottky barrier type having low turn-on voltage

and fast, charge-storage recovery time. Thus, this basic approach produces a fast step-like waveform

generator having two known output levels with a constant output impedance R1.

The actual electronic circuit used to implement this approach is shown symbolically in figure

2-6. Q8 functions as the dc current source Idc. Q1 and Q2 are the switches S1 and S2. Q1 and Q2

form an emitter-coupled differential-switch pair. They are driven in push-pull by the complementary

outputs of an ECL logic OR gate U13. Q3 is the current source for the emitters of Q1 and Q2. Ie must

be greater than Idc. Initially, the base of Q1 is an ECL "1" (-0.9 V) and the base of Q2 is an ECL
"O" (-1.7 V). Thus, Q2 is off and Q1 is on, conductig all the emitter current Ie to ground. The

current Idc from Q8 all passes through CR3 to R9 creating an open circuit output of 1.00 V (20 mA
x 50 n). CR3 is conducting while CR2 is reverse biased and nonconducting. At t = to U13 receives a
pulse. The complementary outputs from U13 rapidly switch Q1 off and Q2 on. Q2 now conducts all of

the 30 mA emitter current Ie. Thus, the collector of Q2 tries to pull 30 mA from the node connecting

CR3, CR2, and Q8. The only way for the nodal currents to balance is for Q8 to supply 20 mA, CR3 to

become nonconducting, and CR2 to turn on and supply 10 mA. Thus, the desired function of turning off

CR3 and disconnecting Idc from the output is accomplished.

In actual practice, only the negative-going transition from 500 mV to -2.5 PV is considered as

the reference step transition. It is far easier to control the transient behavior of CR3 turning off

than when it is turning back on. Figure 2.7 is a pair of photos taken of the main output pulse from

the RFPG.
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(a)

Figure 2-7. Photos of the main PULSE output from the prototype RFPG.
(a) 100 mV/cm--vertical sensitivity; 1 ns/cm--horizontal time base.
(b) Same vertical sensitivity with expanded 200 ps/cm time base.
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Figure 2-8. Block diagram of complete RFPG.
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A block diagram showing the complete RFPG is given in figure 2-8. The current-switched output

stage, of course, is critical in producing the reference step-like output waveform, and has been

briefly described above. The output pulse across the 50 a generator source resistor is coupled to the

front panel N type connectors via nominal 50n, 3.5 mm rigid coaxial lines. A trigger output pulse is
also provided from an identical output stage. It has the same specifications as the delayed main out-
put pulse, except for a 50 percent duty cycle (10 percent duty cycle for the main pulse). A 10 MHz

crystal-based clock circuit is counted down to provide for selectable pulse repetition rates with

appropriate pulse-durations and selectable pulse delays for the main output pulse. The rep. rates,
delays, and duty cycles are all determined by digitally counting the 10 MHz (100 ns) clock pulses.
These circuits are implemented in emitter-coupled logic (ECL) to provide fast transition edges with
minimum jitter, particularly between the push-pull ECL drive to the current-switched output stages.

Figure 2-9 above shows the front panel of the NBS Reference Flat Pulse Generator.

2.3 Preliminary Specifications

Specifications are common to the pulse output and the trigger output unless noted otherwise.

Baseline: 0.00 V 10 PV
Topline: 1.00 V open circuit, 0.1 percent

Source impedance: 50.0 s, 0.5 percent

Reference transition: negative-going

Reference transition duration: 600 ps (90 percent to 10 percent), 20 percent
Perturbations: Less than 2 percent lasting for 5 ns or less

Second transition duration: 2 ns (10 percent to 90 percent), 20 percent

Trigger to pulse delay: Selectable 0 ns, 100 ns, 200 ns, or 300 ns, 1/2 ns

Jitter: 25 ps or less

Repetition rate: Selectable 1 MWz, 100 kHz, 10 kHz, or 1 kHz, 0.01 percent

Duty cycle: 10 percent for pulse

50 percent for trigger

Internal working standards: 10 MHz crystal oscillator for time base

LM399H active zener for dc voltage

Selected 50 a, SMA, microwave termination

Connectors: Type N female

Controls: Mode OV, dc (1 V 0.C.), or pulse

Construction: TEK TM500 single-wi.de plug-in kit 8
Power requirements: Supplied by TM500 main frame

PIN SE REFERENCE
FLAT PULSE
GENERATOR'

i V on MP. RATE
MMTE

O V D"LY

t TAGGER in w

iv on *

V. MODEL -,o
Figure 2-9. Front panel of the NBS Reference Flat Pulse Generator.
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3. Circuit Diagrams and Description

3.1 Clock, Delay, and Pulse Duration Circuits

Figure 3-1 is the circuit diagram for the clock, delay, and duration circuits. Figures 3-2

through 3-5 are the timing diagrams. The internal time standard for the generator is a 10 MHz crystal

oscillator Ul. The first section Ula provides a dc reference voltage to bias the second section Ulb

as a linear amplifier. The second section is a modified form of Colpitts crystal oscillator. The

third section Ulc provides squaring and buffering.

The 10 MHz clock is used to toggle a chain of 95H90 divided by 10 ICs, U2-U5. These counters

provide the basic repetition rates of the generator. Sla is used to select either 1 MHz, 100 kHz,
10 kHz, or 1 kHz. The output from Sla is labeled RESET. All the remaining logic functions are ini-

tiated by the negative going transition of the RESET square wave.

RESET and CLIK are applied to the NOR gate U6a. When RESET goes to a "0", U6a then passes the

10 MHz CLK pulses creating the GATED CLK signal. The first GATED CLK pulse toggles a "1" into the

Trigger D flip-flop U7a. The Q output is the TRIG signal.

The pulse delay function is obtained by successively dividing the GATED CLK pulses using divide

by 2 flip-flops U7b and U8. The appropriate positive transition for 0 ns, 100 ns, 200 ns, or 300 ns

delay is selected via 32 and used to toggle a "1" into U9a, a D flip-flop. The Q output is the

DELAYED PULSE. The R-C networks (R1, C6, and C7; R2 and C8; and R3, C9, and CIO) are adjustable delay

networks used to compensate for the propagation delays in the various delay ICs.

The specifications call for a 10 percent duty cycle for the pulse output. Thus, the duration of

the DELAYED PULSE is to be 100 ns, 1 us, 10 us, or 100 us, depending upon the repetition rate

selected. This duration is accomplished by counting the appropriate number of 10 MHz clock pulses and

then clearing (pin 1) flip-flop U9a. When DELAYED PULSE goes to a "0", gate U6c then passes the GATED

CLK pulses to a chain of divide by 10 dividers, U10 to 012. The output of the appropriate divider is

selected by Slb and used to toggle a "1" into flip-flop U9b. The Q output from U9b clears U9a and

also U7b and U8 through the OR gate U6b. U7a and U9b are cleared by the positive transition of tne

RESET square wave. Incidentally, this action causes the duty cycle of the trigger pulse to be 50 per-

cent. RESET is also passed through U6b to ensure that U7b and U8 are reset properly at initial power-

on.

The TRIG and DELAYED PULSE signals are passed through separate buffers U13 and U14 to provide

complementary, push-pull ECL drive to the trigger and pulse output stages. The operating states of

these buffers are controlled by the MODE switch S3.

3.2 Current-Switching Output Stages

Figure 3-6 is the schematic diagram of the output stages. These stages are identical; therefore,

we will only discuss the trigger output stage. Section 2.2 described in detail the operation of this

particular circuit using the symbolic diagram in figure 2-6.

Ul5 is the internal dc voltage working standard. It is a temperature-controlled, active zener

voltage reference. U16, Q7, and Q8 function as the 20 mA dc current source. A dc voltage differen-

tial of 2 V between the +12 V bus and the (+) input to U16 is set by potentiometer R17. U16 forces

the potential across R20 to also be 2 V, thus establishing the emitter current of Q8 to be 20 mA. Due

to the high 8 (300 x 200) of the Darlington pair, Q7 and Q8, the composite collector current is almost

identically the same as the 20 mA emitter current.
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Figure 3-3. Timing diagrams for 1 MHz repetition rate, 100 ns delay.
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Figure 3-4. Timing diagrams for 1 MHz repetition rate, 200 ns delay.
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Figure 3-5. Timing diagrams for 1 MHz repetition rate, 300 ns delay.
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A less complex current source is used for the 30 mA emitter current for the differential switches

Q1 and Q2. Q3 is the current source. CR1 is an LED which provides a 1.6 V reference voltage. This

reference, minus Q3's base-emitter drop of 0.6 V sets the voltage across R5 at 1 V. This voltage in

turn forces the emitter current of Q3 to be 30 mA. The collector current of Q3 is also approximately

30 mA.

The other miscellaneous components are used primarily to control the switching transition. R32

and R33 improve the switching times of U13. L5 increases the output impedance of Q3 at high frequen-

cies. R6 and L4 perform a similar function for Q7 and Q8. R35 and C13 eliminate a small amount of

damped ringing present in Q7 and Q8. R34 and C40 eliminate a minor overshoot in the output waveform.

3.3 Power Supplies

Figure 3-7 is the schematic diagram of the power supplies for the generator. The requirements

are: +12 V at 45 mA, +15 V at 55 mA, and -5.2 V at 1 A (1.4 A worst case). The TM-500 mainframe is

used to supply raw dc and ac power. The +33 V supply is first preregulated to +20 V using VR1, VR2,

and a mainframe pass transistor. The +20 V is then dropped to +15 V using U18. U19 further drops the

+15 V to +12 V. -5.2 V is supplied by three separate IC regulators, U20 through U22. The connections

to the output stages and various ECL circuits are such as to evenly distribute the load currents. The

top and bottom rails of the plug-in module housing the RFPG circuit card are used as heat sinks for

U18 through U22.

4. Modeling and computer Simulation

4.1 Use of Extended-SCEPTRE

The motivation for doing computer analysis and simulation of the RFPG is that in order to have a

waveform generator standard, one needs a theoretical basis for how the electronics generate the vari-

ous electrical waveshapes. Circuit modeling, using known or measured parameters for the circuit

model, allows one to approximate the actual results and thereby predict the circuit performance from

basic principles.

The circuit analysis programs developed for the RFPG were written using extended-SCEPTRE. The

host computer for the extended-SCEPTRE software was a Control Data Corporation CYBER 170, model 750

system. Waveshape generation by computer simulation of the RFPG was conveniently obtained by access-

ing the CYBER 170 via a graphics terminal over a multiplexed hardwired link at 9600 baud. A FORTRAN

66 program known as DISSPLA, available on the CYBER 170, provided the capability for plotting the

transient analysis data obtained from a SCEPTRE run.

Besides the SCEP RE application programs themselves, described in detail in the following sec-

tions, other procedural programs were utilized. For example, a FORTRAN program was available, known

as PLOTSCP, which accessed the tape containing data from a SCEPTRE run, as well as the DISSPLA pro-

gram, and provided options for title on graph, start and stop times, independent and dependent

variables, number of available points, running average, vertical scaling, etc. Another program, simi-

lar to PLUTSCP, was utilized for outputting data via a terminal having a paper tape punch.

Figure 4-1 shows the outline of a typical SCEPTRE program. Between the /JOB and /EOR statements

are typically a number of FORTRAN command instructions which set up the batch processing procedures

needed by the CYBER 170/750 system. The remainder of the program has somewhat of a fixed format with

the various headings shown. Getting the proper entries under each of these headings is the main prob-

lem towards generating a successful SCEPTRE program.
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PROGRAM NAME

/JOB

Batch
Processing
Procedures

/EOR
CIRCUIT DESCRIPTION

ELEMENTS

DEFINED PARAMETERS

OUTPUTS

FUNCTIONS
EQUATIONS

TABLES

INITIAL CONDITIONS

RUN CONTROLS

END

Figure 4-1. Typical SCEPTRE program.
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For the purpose of modeling the RFPG, the ability to utilize time-dependent, nonlinear circuit

elements provided for in SCEPTRE was essential [13]. In particular, primary dependent current sources

for ideal diodes proved to be especially convenient when combined with voltage or current dependent

capacitors. Secondary dependent current sources with nonlinear, table-entered, dependencies permitted

the development of an accurate model for the rf-switching transistors used in the output stage of the

RFPG.

Run controls for the SCEPTRE programs were relatively simple in that transient solutions were the

only mode of analysis desired. Consequently, a stop time is the only required entry to specify the
desired time interval for analysis. However, because the Runga-Kutta integration method was found to

typically give the best results, this routine was also called for under the run controls section of

the programs.

4.2 Simple Diode Circuit Analysis via Program TEST

As a simple example of using SCEPTRE for modeling transient response, figure 4-2 shows the
SCEPTRE circuit for a diode in series with a load resistor, R. The diode is first modeled by its

dynamic forward resistance, r, junction capacitance, C, and package inductance, L. El is the driving

node voltage which is a time function, entered in the program by means of a table. By analogy to the
RFPG output stage, this is a very simple model of the switching mode for the current sources and the

output diode in series with the generator source resistor (in parallel with the output load resistor).

Hence, by assuming appropriate initial conditions (voltage on C and current through L), we can simu-

late the output voltage across R for various input time functions of E1.

E1T is the driving node
voltage time function -

0

C
E1T D r

- I
L

0 _ DIODE I

0
R

When using ID = 10(expD- 1)
r = [e(ID+ I0)]-1

0 ID

Transfer function:

VR ( )(rCs + 1)

El rL+RrC( r)LCs2 + ( RrC) s + 1R+r R+r
Critical Damping:

r = L
c RC*2/L~

or,

Rc = rC 2/C

For R = 0:

r =-/L/C
c 2

Figure 4-2. Simple diode model for TEST program.
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Straightforward Laplace transform analysis of this circuit (assuming zero initial conditions)

gives the transfer function,

R
V ( ) (rCs + 1)
R R+ r
El (r) LCs2 + (L + RrC) s + 1(1)

R+ r R + r

where VR is the voltage across R. For El a step function, it is well-known that the step response for

such a second-order system will depend on the roots or pole locations of the denominator polynomial.

These roots can, in general, be complex and are given by

L+ ( RrC L+ RrC ) 4  r LC
R (R+ r +r R+r) L2

i 2 (2)2( ) LC
R + r

Critical damping occurs when the square root term is zero (equal real roots). Underdamping occurs

when the quantity under the square root is negative (complex roots with both real and imaginary

parts), and an overdamped response occurs when this quantity is positive (both roots real and

unequal).

Further algebraic manipulations for the critically damped case provide the critical value for r,

L
rc = (3)

RC 2/LC

or, for R,

Rc =c AC2 . (4)

For the extreme case where R + 0,

= ,f (5)

which is the well-known critical resistance of a parallel-tuned rLC circuit. Similarly, for the

extreme case where r +

Rc = 2 , (6)

which is the well-known critical resistance for a series-tuned RLC circuit. Letting R = 3 rc in

eq (3), so that rc/(R + rc) = 1/4 in eq (2),

rc1, TC2

Typical values of L and C for the Schottky diodes used in the RFPG are 2 nH and 1 pF, respectively.

Then,
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r 2x10 9  1 2x10 9
rcl, rc2 10-12 3 10-12

= 100, 10

= 44.72 a, 14.91 n.

Corresponding R values are 134.2 a and 44.72 a.

Figure 4-3 shows the SCEPTRE program, TEST1, for analyzing the step response of the diode-load

resistor circuit. As shown, El as a function of time is provided by table 1 which has five entries.

By applying a negative 1 V step, the program thus simulates the output branch circuit of the RFPG

(assuming negligible effects due to the 3.5 mm coaxial line). Because of the critical values chosen

for r (designated RS) and R (designated RL), the initial conditions for the capacitor voltage and

inductor current are the values given as 0.25 V and 0.01677 A, respectively.

Figure 4-4 is a plot of the waveforms generated by program TEST1. As expected, these responses

show critical damping of the R-r, L, C circuit described above. VRL, VRS, and VL are the voltage

waveforms across RL, RS, and L, respectively. For the typical values used, it can be seen that the

step response has died out in approximately 200 ps. Figure 4-5 shows that with RL = 25 a (the nominal

value), the response is overdamped, settling in about 300 ps. With RL again at 44.72 Q, but with a

larger RS of 50 n, figure 4-6 displays the resulting underdamped waveforms.

The nonlinear I-V characteristic of the diode, where its dynamic forward resistance varies

inversely with the diode current, was then added to create the TEST2 program. Figures 4-7 and 4-8

show the typical characteristic for the particular Schottky barrier diode used in the RFPG [14].

Figure 4-9 is a listing of the TEST2 program which indicates how SCEPTRE allows the simple entry for

the diode under ELEMENTS. The first argument inside the parenthesis is the value for Io, the reverse

"leakage" current, typically 100 nA. The second argument is the value for e = e/kT which at room tem-

perature (300 K) is the value 38.7. Note also the different initial conditions which must be satis-
fied in this case.

Figure 4-10 shows the resultant circuit waveforms with r replaced by the diode equation. Since

figure 4-5 shows an overdamped response for r = RS v 15 0, figure 4-10 is somewhat startling at first.

With a starting forward current of 0.0274 A (27.4 mA), one would expect from figure 4-8 a more damped

response since r is typically less than 15 a for diode currents of about 2 to 3 mA or more. However,

figure 4-6 also supports the analysis that as r increases, the response grows underdamped. Thus we
see that the time-dependent varlacion of r in the case of the actual diode is such as to cause an

undershoot in the negative step response, as the diode current cuts off.

Further investigation into the nonlinear effects of the Schottky diode used in the RFPG were pur-

sued, as will be described in the following sections. As a final example of modeling the diode-load

resistor output branch, however, figure 4-11 shows the listing for program TEST3 in which E1, the

driving node voltage, is set up via table 1 to approximate the "double ramp" type of voltage waveform

actually observed in the RFPG. Figure 4-12 gives a plot of the resultant waveforms generated by pro-
gram TEST3. The time base is five times longer than before for TEST2 and the values for C and L

changed by a factor of four. Nevertheless, the undershoot in the response (VRL) of the simulated

waveform is seen to much more clearly approximate the actual observed output waveform (see fig. 2-7).

22



TEST

.*J64
SCEPTRE(T26)

A"EDUIFIL
IN.DSABSCPTR

-,~aTME2L-

2P AC,SUPEREN-L.B,MM.
".m 's:.m .

EX...T

34.AA PERILI
RETUN.SWER.
ATTACSCERRAM-LIB.NA.

tCPTRP.

RETIENSOETR.
FTN.IwTAPES.A.Lw2ELL.

CT.SICPTURCIPALI3eL.
MINSU.TuS.

SIPFTAPE3.
RETRNTAPEII,TAPE.TE1TE3.TA 3TAPlSTEIS.
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J I PEE.
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EXIT.
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LOSETLI."LZ

I #ETAM-a

CIRCUIT SESCRION
ALC TEST P001 1(11-14/31)
E IN VOLTS
R IN ONNS
C IN FAS
J IN AMPERES
L IN HENYS

ELEITS eh
El. 1-3 * TABLE 1 (TINE)

C. 2.7 " 1.0E-12
L. 2-4 * 3.6E-S
RI. 4-1 47

_ R NU.PLOT
TABLE 1
.. E-12, 1.6
164E-1t, l.0
166.E-13. 6.0
260.E-12 0.0
1664.-ih. 6.0
INITIAL CONDITIONS
SIC " 6.2

IL - 0.01S
Am CONTROLSINTEGRATION ROUTINE * 1UK
STOP TIME * 1665.-13
PLOT INTERNAL "5

EDo OF FILE
?' DMI6tETS.RLTESTa REPLACE
TEStS IS A LOCAL FILE
,US.IT.MST
11.51.45. SUBMIT COMUTE. JODNAE IS AGKIIJE

*ENOUIRE.Jw*IJEeMIIJE EXECUTING.
AsMIRE.Jw.Ia
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eismCT ACCESS FILERS)
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ILOVIEB PN01055 RFPSISO MGM11 Tamt

sloEC ACCES FILEMS
TOESEL

1 INDIRECT ACCESS FILESS, TOTAL PUS
1 DIRECT ACCESS FILES). TOTAL PRIUS "

/OALLOOSCEP

Figure 4-3. Listing for SCEPTRE program TEST1.
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Step response from TEST1 program. Overdamping with RS = 14.91 a and RL = 25.0 n.
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Step response from TEST1 program. Underdamping with RS = 50.0 n and RL = 44.72 n.
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Thus it is that further modeling of the nonlinear RFPG output stage components was felt to be needed
in order to derive the approximate driving node voltage waveform.

4.3 Initial Modeling via Program RFPG

As described in sections 2.2 and 3.2, the output stage of the RFPG consists of positive and nega-

tive current sources that are steered by means of transistor switches (see figs. 2-5, 2-6, and 3-6).

An initial model that was used for simulating the output stage is shown in figure 4-13. Ideal diode

current JD1 and associated components Cl, L1, and C4, together with R3, form the output branch of the

generator circuit. Similarly, JD2, C2, L2, and C5 represent the CR2 diode of figure 2-6 (CR2 and CR5

of fig. 3-6). C1 and C2 are the voltage dependent junction capacitance, L1 and L2 are the package

inductance, and C4 and C5 are the package capacitance of the diodes [14). R2 and C3 are the filter

components for controlling part of the undershoot in the output waveform. J1 and J2 are the nominal

20 mA and 30 mA positive and negative constant current sources (33 mA value used in SCEPTRE program

for J2). To simulate the action of the switching transistors time-dependent resistors R1T and R2T are

utilized.

Several versions of the program for. this model were developed in the process of experimenting

with component values, appropriate initial conditions, and the switching times/resistance levels of

the R1T and R2T resistors. Figure 4-14 shows the SCEPTRE program, RFPG10, which yielded fairly useful

results. In the topological listing under ELEMENTS, the voltage dependence of C1 and C2 is provided

by table 2 which uses typical values provided by the manufacturer's data sheet [14]. Tables 1 and 3

provide the resistance versus time dependence of R1T and R2T, approximating the complementary

switching action of the BFR 90 rf switching transistors. These devices are rated for a current gain-

bandwidth product, fT = 5 GHz (typical) at Ic*= 14 mA. Under INITIAL CONDITIONS are shown the two

initial inductor currents and five initial capacitor voltages.

Figure 4-15 gives the resultant plots of the transient step-like output voltage across R3 and

driving node voltage across C5 for the RFPG10 program. The flatness of the waveforms at t = 0+ indi-

cates that the assumed values of the initial conditions is good. The wrinkle in the transition region

at about 0.45 ns is for the VC5 waveform which is identified by the black dots. There is a consider-

able (on the order of 20 percent) undershoot in the VR3 waveform which does not approximate reality

very well. However, as demonstrated in section 4.2, this difference is probably due to lack of the
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TEST2

J.1OI
SCEPTRE( T2G I
/READ.USERFIL

HEADING.U1DASSCPTR
/^OSEG
PURGE.TAPEDEL.
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EXIT.
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INTEGRATION ROUTINE " RUK
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END
END OF FILE
11 END,TESTURL
TEST REPLACED
TEST IS A LOCAL FILE
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Figure 4-9. Listing of SCEPTRE program TEST2.
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TEST

/*J08

SCEPTRE(Thb)
IRCAD.USENFIL
NEADING.S11ASSCPTR
/'USES

PURGETAPEDEL.
00TO,1.
EXIT.
t.PUROE. TAPEa.
GOTO,.
EXIT.
lATTACNSUPER'UNeLIDNA.

SUPNR.SPE-
ATTACNSCEPTR/UN.LIDNA.
SCEPTR.
RETURNSCEPTR.
FTN.I-TAPES.A,L.ZDELL.
GET.SCPTRaR/'LisLID.NA.
REMIND. TAPES.
SKIPF. TAPES.
RETURN.TAPE14, TAPE3,TAPE1,TAPERTAPEI3,TAPE15,TAPEIG.
DEFINETAPE2.
NAP. OFF.
LOAD SCPTRD.
LO.
6OTO *3.
EXIT.
3.REMIND. TAPE.
RETURN, TAPE 1,TAPE3.
DEFINE(TAPE4.TAPEKEL)
REVIND.TAPE14.
GET.SCPTAPI/IJNuLP.
ATTACN( LIVINLI3)
LOSET(LID.LII)
SCPTAPD.
PURGETAPEa.

CIRCUIT DESCRIPTION
RLC TEST PROGRAM 3(11/1F'S1)
E IN UOLTS
R IN OURS
C IN FARADS
J IN AMPERES
L IN IMV
TIME IN SECONDS
ELEMENTS
El. 1-2 e TABLE 1 (TIME)
JI. 2-3 - DIODE EOUATION.E-,3.7
C. 2-3 - O.SE-12
L. 3-4 = 0.1E-9
RL. 4-1 - 25.
OUTPUTS
URLULUC.JD, ICIRLPLOT
FUNCTIONS
TABLE 1
I.E-U. 1.6
I.E-U, 1.0
I.E-9, 0.as
3.E-9, 0.0
4.E-9, 0.0
S.E-9, 0.0
INITIAL CONDITIONS

UC - 0.315
IL - 5.0874
RUN CONTROLS
INTEGRATION ROUTINE - MX
STOP TIME - 5.E-9
PLOT INTERNAL -5
END
END OF FILE
11 EMDTEST3.m
TEST REPLACED
TEST IS A LOCAL FILE
/SUJIT TEST
14.43.h. SUINIT COWLETE. JOINAM
iIWIREJN.FEC
AGKIFEC EXECUTING.
/ENMIIREJN.FEC
AMIFEC EXECUTING.

/NMIR.JNFEC

AGKIFEC NOT FOUND.
"CATLIIT

CATALOG OF DADELL FNi

INDIRECT ACCESS FILES)

3 OSCEP PNOTOA RFPOIC RFP

GOUIEU PNOTOED RFPG10D RFP

NMGO R MPGIID

DIRECT ACCESS FILES)

TAPEIEL

16 INDIRECT ACCESS FILESS,
1 DIRECT ACCESS FILESS.

iCALL.GOSCEP

E IS AGKIFEC

IM 51/11 . 14.44.23.

G11 TEST

0111 TEST3

TOTAL PRUS -
TOTAL PRUS -

?RANGE TRFPG

TRFPGY USERF

SO.
16.

Figure'4-11. Listing of SCEPTRE program TEST3.
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Figure 4-13. An initial RFPG program model.

proper waveform for VC5. This poor approximation of the actual driving node voltage in turn is due to

the 300 ps switching from 100 ksT (100 s) to 100 a (100 k9) for R1T (R2T). Nevertheless, the simula-
tion does show that with such switching speed, a faster transition fall time than 600 ps could be

realized.

4.4 ECL Drive and Transistor Switching Model via Proqram TRAN

Simple circuit modeling of the RFPG output stage, as described briefly in sections 4.2 and 4.3,

reveals that the 600 ps transition duration observed in the actual step-like output waveform is
limited by the speed of the switching elements more than by the properties of the output current-

steering diodes. Consequently, work was undertaken to develop a model for the rf switching transis-
tors used in the design of the RFPG and their associated complementary ECL input drive signals.

Figure 4-16 shows the schematic diagram of the SCEPTRE circuit used for this purpose. Node 14
corresponds to node 4 of the RFPG program with R9 at the collector of Q2 representing the load of the
RFPG output network. The rf switching transistors, Q1 and Q2, are simulated by using a modified
Geller, Mantek, and Boyle (GMB) model for large-signal switching [15]. The J3 constant current source
corresponds to J2 in the RFPG program. The remaining components provide the simulation of the ECL OR
gate drive of the actual RFPG circuit.

Regarding the model used for the individual transistors, figure 4-17 shows a simple common-

emitter equivalent circuit that was developed for the BFR 90 transistors. The primary difficulty

overcome with the use of this model is the effect of the nonlinear base-to-emitter characteristics of
the transistor when driven with low driving source impedances. The basic GMB model represents the
B'-E junction, from charge control theory, as the nonlinear forward resistance of the base-emitter

junction rB'E (as employed in section 4.2 for the Schottky barrier diode analysis), in parallel with
two capacitors. One capacitor is the usual diffusion capacitance of the forward-biased base-emitter

junction. The other capacitor is a feedback capacitance due to the component of base current that
appears when the collector-to-base depletion layer varies as a function of collector base voltage.
The feedback effects of the collector-to-base space charge capacitance are then directly contained in
the solution of base current versus time when a finite load resistance (R3 in fig. 4-17) exists. An
analysis to support this modified GMB model can be made by noting that for the forward biased base-
emitter junction,
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RFPG10

ACCOU IT(BABELL,6AEL1
CmHR. 724.7244601.

ERWIN .81ASOCPTR

PWME.TAPEKEL.
00T0.1.
EXIT.

.P1UR, TAEI.
000T.3.
EXIT.
, ATTACu. S1PER/tEILI, . .
SUPER.
RETURNSUPER.
ATTACH. CETR/M4JLI.,M.
SCEPTER.
RETImM SCEPT.
FT.Ia-APE3,AL-ZDELL.
GET.SCPT RE/ MJLI.IM.

REUIND,TAPE3.
SKIPF,TAE.
RETWMMTMEI4,TAPM3.TPE1,TAPE,TAE13,TAE15.TPE16.
DEFINE TAPER.
MPop .
LOAD,SCPTRBI.
L00.
0070,3.
EXIT.
3,REMIND.TAPE8.
RETIN.TMEI .TAPE3.

EFIT E(TAPE14TAPEEL)
RMINDTAPE14.

GETSCPTMP3AMmLP.
ATTACM(LIBUNM.LIB)
LDSET(LILII)
SCPTAPB.
PUEE.TAPE2.
400
CIRCUIT DESCRIPTION
REFEENCE FLAT PULSE EERATOR-METUOR 103/14411
E IN UOLTS
R IN OlS
C In FAADS
J IN CAMPERS
L IN HIEM"
TINE IN SECONDS
ELEMENTS
Ja, F1 - 1.3
R1. 3-4 - 47.

0. 4-7 - 75.
R3. 6-1 - 25.
CI. 4- - TABLE (C1)
C8, 6-4 " TABLE 8 ((Md)
C3, 7-1 " 5.E-13
C4. 4-0 - 0.2E-18
C5, 4-1 a .E-1a
LI, 0-6 a 8.9-9
La. 9-1 e L.-9
Ji. 1-3 " 0.08
JD1, 4-0 - DIODE EMUATION(1.E-7,3.7)

JE, 3-4 " DIODE EOUTICN(1.E-7.8.7)
RT1, 4-5 " TABLE I (TIME)

RT ' 1 - TABLE 3 (TIRE)

C.U1.J11.uca..PLOT
FIJCTIOI!

TA3LE 1
0.t-13. 1000.
1.0.1-13. 160.12
10.E-1i, 101.3
390.E-18, 10.0

40.E-la. 14m0.
600.E-1a. 10.

00.E-18, 10.
111e.E-18, 10.

TABLE 8
-4.04.SE-1a
-.0., 0.9E-la
-1.0. 0.1E-18
-4.i, 0.7E-1a
4.4, 4.ISE-11
0.5. 4.85E-1a
TABLE 3
e.E-1a, 10.
100.E-1a, 10.
a0.E-Ia, 10.

300.1-13. bee0.30.E-120 110.40.E-ia, 14.0
500.E-18, 50.0
600.E-18 10.0
1ie0.E-Ii, 10.E3

INITIAL CONDITIONS
XI * 0.08ILl - 1.1-aIL8 - l.E-7

UC1 - 0.315
UC3~ -0.315

UC3 4.115
UC4 * 0.315

UCS " 0.315
RUN CONTROLS
INTEGMATION ROUTINE " REK
STOP TIME - 100.E-1a
PLOT INTEUML -6
END

E6 OF FILE
71 EHRFPOIS.RL

WPG1O PLACED
RFP0103 IS A LOCAL. FILE
/OUDMITRPOIes

18.06.04.1ICK0
dIDOGUIRE.JN-CKO

4M6ICKO EXECUTING.
/E11UIRE.J1aCEO

AGKICKO NOT FOUND.
/

Figure 4-14. Listing of SCEPTRE program RFPG10.
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IB'E = I0 [exp(BE - E3) - 1] (8)

so that

1 dlB'E
1- B - (I + I ), (9)

rB'E - dVB'E B'E o

where 9 = e/kT = 38.7 at T = 300 K, 10 is the base-emitter reverse saturation current, and E3 is an

offset voltage described below. It is well known that when the junction transistor is switched by

means of a large step of base-current, but does not saturate, the collector current is approximately

an exponential function of time [16]. The nonlinear GMB model shown in figure 4-17 simulates this

type of response by means of the time constant,

TB' = rB'E C1 (10)

which is considered to be invariant over the entire base current excursion. Consequently, C1 is seen

to be a function of the nonlinear base-emitter current, since

C1 = = etB (IBE + I ). (11)

Although the nonlinear network elements are constrained to maintain TB' invariant, the dynamic imped-

ance seen looking into the base-emitter terminals is continuously variable during the resulting tran-

sient, as described in reference 15. Appendix C describes the measurement set-up ar;d data taken for

determining an estimated value of TB' for the BFR 90 transistor.

The forward-biased, base-emitter diode is thus modeled as before, except for an offset voltage

E3 = 0.617 V, which was determined by measurement of the BFR 90 base-emitter I-V characteristics, as

shown in figure 4-18. For the ideal diode (see fig. 4-2),

VD = 1 In [r + 1. (12)

Increasing the vertical scale (current sensitivity) in figure 4-18 shows that at IB = 10 uA, VBE
- 730 mV. Using e = 38.7 as before and I0 = 126 mA (average of reverse saturation current readings

taken with Keithley Model 150A nanoameter), then

1 10,000
VD = 38 In [126 + 1] = 113mV.

By neglecting the voltage drop of IB through the bulk resistance rBBO at the 10 iA level (see

fig. 4-19), then

E3 = EOFFSET = VBE - VD = 730 - 113 = 617 V.

The general expression for the static base-emitter I-V characteristic is given by

VBE = IbrBB, + VD + EOFFSET (13)
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Figure 4-18. Typical BFR 90 base-emitter I-V
characteristic.
Vertical: 100 iA/div.
Horizontal: 100 mV/div.
Collector circuit: Vcc = 4.97
RL = 150 c.

so that rBB. can be found from rearranging eq (13) and using eq (12) to give

I
1 B

V - E FS V VBE -EOFFSET~ a In [ + 11
BE OFFSET D 0 (14)rBB, I = IB ,

At IB = 600 uA, VBE - 850 mV. Hence, for the BFR 90 model,

[ 6005000
0.850 - 0.617 -387 In [ 126 + 1]

R1 = rBB' -6 = 23.6 S2.
600 x 10

The constant current source J1 in the GMB model is the leakage current of the back-biased col-
lector-base junction, or the collector cutoff current ICBO given as 50 nA in the device specifications
[17]. J2 is a secondary dependent current source which is a nonlinear function of the base current

IB. Figure 4-20 shows the common-emitter collector characteristic for typical BFR 90 transistors.
For the 100 PA incremental steps of base current, a decreasing increment of collector current is
observed. Thus, the IC/IB ratio (aFE, or B) depends on current level and is best modeled by means of
a typical tabular relationship, as shown below. Finally, R2 in the model is the saturation resistance
of the collector characteristic, nominally of value 50 A. The saturation and storage time simulation
capabilities of the GMB model were not utilized in this development.

Figure 4-21 shows a listing of the TRANE program used in conjunction with the SCEPTRE circuit
for the ECL drive and transistor switching simulation given in figure 4-16. The approximate ECL volt-
age drive waveforms for E1T and E2T, as reflected in tables 1 and 3, were determined by observing
nodes 3 and 10 with a sampling oscilloscope. Capacitors C1 and C2 are dependent on their respective
base-emitter diode currents via eq (11) using e = 38.7 and TB' = 5 ns. J2 and J5 are the secondary
current sources dependent on base currents JD1 and JD2, respectively. The values used in table 2
approximate the IC/IB relationship and were taken from corresponding IB-IC current values on a 5.2 V,
125 A load line drawn on the collector characteristics shown in figure 4-20.
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Figure 4-19. Analysis of base-emitter characteristic.

Figure 4-20. Typical BFR 90 common-emitter collector characteristics. Vertical: 5 mA/div.
Horizontal: 1 V/div. Base current: 100 A/step.

37

IB

0



TRAN6E

/JOB
SCEPTRE 172901
/REAO.USERFIL
NEoING.BIBABSCPTR
PURGE.TAPEBEL.
GOlo. I.
EXIT.
1.PURCE.TAPE2.
00.2.
EXIT.
2.ATTACH.SUPER/UN=LIC.NA.
SteER .
RETURN.SUPER.
ATTACH.SCEPTR/UN=L10.NA.
SCEPR.
RETURN. SCEPIR.
FTN. IaTAPEB.A.LaZBELL.
GET.SCPTR28/UNLIB.NA.
REVIN.TAPES.
SKIPF .TAPES.
RETURN. TAPEI4. TAPE3. TAPE .TAPE2.TAPE13. TAPE1I5.TAPE1S.
DEFINE.TAPE2.
MiAP,OFF.
LOAD.SCPTR2B.
LO.
COTO.3.
EXIT.
3.REIINOTAPE2.
RETURN.TAPEl.TAPE3.
DEFINE TAPE14sTAPEDEL)
REWIND. TAPE14.
CET .SCPTAP/UNaLP.
ATTACHIL I/UNaL IB1
LOSE ILIaLIB1
SCPTAPB.
PURGE.TAPE2.
11CR
CIRCUIT DESCRIPTION
BFR 93 TRANSISTOR SIJULATION-NETVORIt 6EI1S/1/911
E IN VOLTS
R IN OHM*S
C IN FARADS
J IN AIPERES
L IN HENYS
TIEE IN SECONDS
ELEMENTS
EIT. 1-2 a TABLE I (TIM)
E21. 1-9 a TABLE 3 ITIME)
E2. 8-1 a 5.2
E3. 7-5 a 0.817
14. 7-12 a 9.917
RI. 2-3 a 7.
R2. 3-6 a 159.
R3. 3-4 a 24.
R4. 1-6 a 53.

R5. o-I a 7.
Rs. 18-9 a ISO.
R7. IS-Il 1 24.
RA. 14-13 a 55.
R. 1-14 a 130.
Rio. 15-S a 30.3
C1. 4-7 a EQUATION 1 IJD11
C2. II-7 a EQUATION IJ021
C3. 7-1 a 3.E-12
J01. 4-5 a Di9fE EOUATIONMI12.E-0.3.71
J02. 11-12 DIDE EOATIONI2.E-0.3g.71
JI, S-4 a 50.E-S
J2, 8-7 TABLE 2 IJ011
J3, 7-15 a 3.833
J4, 13-I1 a 56.E-S
J5, 13-7 a TABLE 2 0J02)
OUTPUTS
YCI VC2.JOI.J02.J5.VJ3.VRC.PLOT
FUNCT IONS
EDUATION 1 IA) a 1193.5E-SIASSIA)
TABLE I
6.E-12. -9.80
1988.E-12, -0.056
2390.E-12. -1.275
3989.E-12. -1.503
4899.E-12, -1.593
5000E.-12. -1.503
TABLE 2
-159.E-9. 3.E-6
0.E-6. 9.E-6
1.E-6. 599.E-6
160.E-6. 9.E-3
236.E-S. 14.8E-3
333.E-6. 23.0E-3
40.E-8. 26.E-3
599.E-S. 20.E-3
630.E-6. 32.5E-3
719.E-8. 33.E-3
616.E-S. 33.E-3
9.E-6. 33.E-3
'TABLE 3
6.E-12. -1.796
UU0S.E-12. -1 .790
2160.E-12. -1.275
330.E-12. -9.057
4166.E-12. -0.957
510.E-12. -8.957
INITIAL CONDITIONS
VCI a 9.949
VC2 a 3.190
VC3 a 2.45
RUN CONTROLS
INTEGRATION ROUTINE a RUK
STOP TIM1E a 5666.E-12
PLOT INTERVAL a 5
END
END OF FILE
17,

Listing of SCEPTRE program TRAN6E.Figure 4-21.



Figures 4-22, 4-23, 4-24, and 4-25 show the results obtained via. program TRAN6E for the ECL drive

and transistor switching simulation of figure 4-16. The ECL drive waveform in figure 4-22 approxi-

mates the -2 ns logic swing from around -1.7 V to -0.957 V observed for E2T. It can be seen in figure

4-23 that by 2 ns (1 ns after E2T begins to change), the voltage across the base-emitter capacitor,

C2, of transistor Q2 has risen up to the 750 mV level. As previously determined from the base-emitter

characteristics (see fig. 4-18), appreciable base current now begins to build up in Q2. Figure 4-24

shows the JD2 waveform which peaks at -0.67 mA a little after 3 ns. The corresponding rise in collec-

tor current J5 is seen in figure 4-25. Due to the saturation characteristic, J5 flattens out upon

reaching the 33 mA level at about 2.8 ns. Thus, as anticipated, the switching action of the BFR 90

transistors (and their associated complementary ECL input drive signals) is to produce a current step-

like waveform which has a transition time on the order of 600 ps.

4.5 The Total Model via Program TRFPG

As shown in section 4.3, simple modeling of the output stage of the RFPG produces a simulated

output waveform with a much faster transition time and larger undershoot than observed on the actual

waveform. Lack of the proper driving node voltage waveform and a slower switching speed on the part

of the rf transistors/ECL input drive were likely causes. Section 4.4 above describes the development

of a model for the ECL drive and transistor switches (via program TRAN) which confirms the switching

speed supposition. To confirm the total model, then, R9 of figure 4-16 is replaced by the initial

output stage model of figure 4-13.

Figure 4-26 shows the merging of figures 4-13 and 4-16 used for programs RFPG and TRAN, respec-

tively. Node 15 at the collector of Q2 is now the driving node for the output stage, corresponding to

node 4 of figure 4-13. The output diode and load resistor branch is designated by nodes 19 and 20.

Figures 4-27, 4-28, 4-29, and 4-30 show the results of SCEPTRE program TRFPG1, simulating the

total RFPG model using the same ECL. drive signals as in figure 4-22. Figure 4-27 shows that the col-

lector current J5 is maintained as before in figure 4-25. The voltage produced at node 15 (VC5) is

shown in figure 4-28. The output diode current, JD4 is plotted in figure 4-29. The output voltage
waveform across R13 is given in figure 4-30, and can be seen to begin now to approximate reality. The

step-like output waveform is flat until the driving voltage at node 15 begins to fall at -1.75 ns,

which is where J5 begins to turn on. VC5 then decreases at a rate comensurate with the increase of

J:.' Consequently, as analyzed in section 4.2, diode current JD4 decreases even more rapidly as the

output diode becomes reverse-biased into cutoff. As seen in the earlier analysis of the diode-load

resistor step response, however, the undershoot observed in the output waveform is highly dependent on

the driving node voltage waveform, due to the parasitic reactances and nonlinear properties of the

diode.

Modifying the essential parts of the model for the RFPG shown in figure 4-26 so that the simu-

lated waveforms better match the actual waveforms observed, therefore, is a matter of accounting for

various parasitic and distributed inductances and capacitances in the circuit which help to shape the

driving node voltage waveform. Small lead inductances (in the output circuit diodes and in the

connections to the driving node) and small capacitances, particularly associated with the driving

point node (node 15 in figure 4-26), have a very pronounced effect. Figure 4-31 shows a model, modi-

fied from figure 4-26, which gives a reasonably close approximation to the actual observed waveforms

of the RFPG. The additional inductances and capacitances (and their associated values) can be attri-

buted to the actual physical devices and structure used in the construction of the RFPG. For example,

appendix D describes an analysis for approximating the value of C9 by knowing the typical value of the
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drive waveform of fig. 4-22) from TRAN6E program.
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Transient current JD2 in response to ECL base drive from TRAN6E program.
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Figure 4-25. Collector current J5 of Q2 from TRAN6E program.
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Figure 4-27. Collector current J5 of Q2 from TRFPG1 program.
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Figure 4-28. Driving node voltage VC5 from TRFPG1 program.
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Figure 4-29. Output diode current JD4 from TRFPG1 program.
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Figure 4-30. Resultant step-like output voltage waveform VR13 from TRFPG1 program.
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)95

7Q

Q1

E1T

E2T

-- J 1R4 I

J2

.1

2

J5

J4

0

Q2

vlwv-
V

74 I

I

i

I

I

DI

10



B. - - - - - -

0 0.5 1 3.5 2 2.5 3 3.5 4 4.5 5 5.5
Time I neu 3

Figure 4-32.

L)
0
0
L
U

s

E

.J

0

Example of predicted available transition waveform from TRFPG3 program.

I n

Figure 4-33. Example of corresponding driving node voltage from TRFPG3 program.
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Figure 4-34. Actual output waveform from the RFPG observed with a sampling oscilloscope. Vertical:
100 mV/div. Horizontal: 1 ns/div.

Figure 4-35. Actual driving node voltage waveform from the RFPG observed with a sampling
oscilloscope. Vertical: 500 mV/div. Horizontal: 2 ns/div.

47



TRFPG3

/JOB
SCEPTREIT2001
/READ.USERF IL
HEADIN .S1UABSCPTR
uI@6EO
PURGE.TAPESEL.
GO0l. 1.
EXIT.
I.PURCE.TAPE2.
GO10,?.
EXIT.
2.ATTAC14.SUPER/UN.LIB.NA.
SUPER.
RETURN. SUPER
ATTACH. SCEPTR/UN+L IB.NA. .
SCEPTR.
RETURN.SCEPTR.
FTN.IzTAPE8.A.LZ29ELL.
GET.SCPTR20/UNaLIB.NA.
REVIND.TAPES.
SKIPF.TAPES-
RETURN.TAPEI4.TAPE3.TAPEl.TAPE2.TAPEI3.TAPEI5.TAPE16
DEFINE.TAPE2.
IAP.OFF.
LOAD.SCPTR2-.
LGO.
0010.3.
EXI'
3.REVINO. TAPE.
RETURN.TAPEl.TAPE3.
DEFINE(TAPEI4=TAPEBEL1
REVINDTAPE14.
CET.SCPTAPB/UN=BLP
ATTACHfLIB/UNaLIS)
LOSET IL IBzL 161
SCPTAPB.
PURGE.TAPE2-
/EOR
CIRCUIT DESCRIPTION
TOTAL REF FLAT PULSE GENERATOR-NETWORK 3111/24/91)
E IN VOLTS
R IN OHMS
C 1N FARADS
J IN AMPERES
L IN HENRVS
TIME IN SECONDS
ELEMENTS
EIT. 1-2 a TABLE 1 (TIME)
E2T. 1-9 a TABLE 3 ITIME)
E2. S-1 = 6.2
E3. 7-5 a 0.617
E4. 7-12 a 0.617
RI. 2-3 a 7.
R2. 3-6 a 150.
R3. 3-4 a 24.
R4. 1-6 a 59.

RS. 0-19 + 7.
R6, 10-S + 150.
R7. 10-I1 = 24.
RI. 21-13 a 50.
R9. 1-14 s 130.
RIS. 14-9 a 30.3
R11. 16-15 a 47R12. 15-17 a 75.
R13. 25-1 a 25.
Cl. 4-7 a EQUATION 1(J01
C2. I1-7 = EQUATION IIJ021
C3. 7-14 a 3.E-12
C4. 17-1 a 5 E-12
CS. 22-23 a 0.2E-12
C6. 18-22 a TABLE 41VCGI
C7. 24-20 a 0.2E-12
CS. 24-10 a TABLE 41VCS)
CO. 21-1 = 10.E-12
C10. 16-1 a 10.E-12
Ci1. 15-1 a 10.E-12
L1. 16-23 a 2.0E-9
L2. 19-20 a 2.BE-B
L3, 23-1 . 2.0E-9
L4. 15-22 a 2.0E-9
L5. 20-25 a 2.0E-9
L6. 15-24 a 2.3E-9
L7. 15-21 a 4.0E-9
J01. 4-5 = DIODE EOUATIONI126.E-9.38.71
J02. 116-12 a 0100E E0AON2.E,3.1

JD2.fIlI? a DIDE EOUAION11ZB.E-9.39.71
J03. 15-22 = DIODE EOUATIOPI.E-7.24.41
J04. 24-19 0100E EOUATIONI1 .E-7.24.41
J1. 6-4 a 59.E-9
J2. 6-7 a TABLE 2 J091
J3. 7-14 a 0.033
J4. 13-lI a 50.E-9
J5, 13-7 a TABLE 2 (J02)
J6. I-I6 a .02
OUTPUTS
VR13.VCI1I.J04.IL2.ICS.PLOT
FUNCTIONS
EQUATION I(A) a 1116.lE-9iABSIA1I
TABLE 1
0.E-12. -0.850
100.E-12. -0.8650
1100.E-12. -1.275
2100.E-12. -1.593
4301.E-12. -1.593
5000.E-12. -1.593
TABLE 2
-150.E-9. 0.E-6
0.E-6. 0.E-6
I.E-6. 500.E-6
100.E-6. 8.E-3
200.E-6. 14.6E-3
300.E-6. 20.9E-3
400.E-6. 26.E-3
509.E-6. 29.E-3
690.E-6. 32.5E-3

730.E-6. 33.E-3
600.E-6. 33.E-3
9O.E-S. 33.E-3
TAalE 3'
1.E-2, -1.711
10.E-12. -1.711
1100.E-12. -1.275
2100.E-12. -0.057
4000.E-12. -I 957
5110.E-12. -0.957
TABLE 4
-4.3. 0.5E-12
-2.0. 0.55E-12
-1.0. 0.6E-12
-0.5. 0.7E-12
1.3. 3.5E-12
8.5. 38.5E-12
INITIAL CONDITIONS
VCI 8.640
VC2 a 0.13
VC3 a 2.45
VC4 - 1.8
VC5 a 1.0
VCS a -1.0
VC7 = 0.50
VCS a 8.50
VC9 = 1.0
VC10 a 1.949
VC11 : 1 0
ILtI a 1.E-7
IL2 = 0.02
IL3 I .E-7
JL4 I 1E-7
IL5 0.02
IL = 0.02
1L7 a I.E-7
RIM CONTROLS
INTEGRATION ROUTINE = RUK
STOP TIfME = 10500.E-12
PLOT INTERVAL a 5.
END
END OF FILE

Figure 4-36. Listing of SCEPTRE program TRFPG3.



collector-base capacitance of the BFR 90 transistor. The value of C11, on the other hand, is an

approximation of the effective capacitance to ground at the driving point node where the leads of Q2,

R11, R12, and the two current steering diodes are all connected together in a relatively large solder

joint. The nanohenry values for L3-L7 are best estimates. Obviously, the better these parasitic and

distributed L-C values can be determined (by measurements or by calculations), the more exactly this

model can be made to approximate the actual waveforms of the RFPG.

Figure 4-32 shows an example of the predicted available transition waveform of the RFPG produced

by SCEPTRE program TRFPG3 in which the estimates of the above parasitic elements have been included.

Figure 4-33 is an example of the corresponding driving node voltage produced by the same program.
These simulated waveforms can be compared with the actual corresponding waveforms shown in figures
4-34 and 4-35, measured with a commercial sampling oscilloscope. The similarities between the simu-

lated and observed waveforms are quite apparent, taking the different vertical and horizontal scales

into account. However, additional work remains to determine the exact error function between the

simulated and observed available transition waveforms, and thereby to improve the present model for

the RFPG. Figure 4-36 gives the listing of the SCEPTRE program TRFPG3.

5. Summary

This technical note contains the theory, circuit design, performance specifications, modeling,

and computer simulations which describe the NBS Reference Flat Pulse Generator (RFPG). Prior methods

used for generating flat baseline and topline pulse generators are discussed, together with their

limitations. The present approach used in the RFPG, i.e., steering constant current sources to the

load via a fast Schottky barrier diode, is thoroughly described. A complete circuit diagram and

description is given for the clock, delay, and pulse duration logic, the current-switching output

stages, and the regulated power supplies.

A considerable portion of the report is used to present the development of the circuit analysis

programs for the RFPG, written using extended-SCEPTRE hosted on a large computer system. The circuit

analysis of the nonlinear step response of a simple diode and series load resistor is used as the

basis for examining and evaluating the results obtained for the more complex switching structure of

the RFPG. These analyses show that the available transition waveform from the RFPG is also highly

dependent on the characteristics of the rf switching transistors used and the associated ECL logic

drive, as well as parasitic and distributed inductances and capacitances in the output stage of the

RFPG.

Finally, it is recommended that the efforts needed to determine a more exact error function be-

tween the simulated and observed waveforms be pursued. This work can provide the basis for an

improved model of the NBS RFPG by which to predict its performance when used as a pulse waveform gene-

rator standard in either the laboratory or as a dynamic transport standard for field testing purposes.

The authors would like to acknowledge the helpful comments and guidance provided by other members

of the NBS technical staff in the development and modeling of the Reference Flat Pulse Generator, in-

cluding N. S. Nahman, R. A. Lawton, and R. L. Peterson. The efforts of the NBS clerical staff in pre-
paring this report are also gratefully acknowledged, including M. E. DeWeese and P. J. Rice.
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Appendix A. Flat Pulse Generator Parts List

Integrated Circuits

IC1

IC2

IC3

IC4

IC5

IC6

IC7

IC8

IC9

IC10

IC11

IC12

IC13

IC14

IC15

IC16

IC17

1C18

1C19

1020

1C21

1C22

E. C. L.

11

ma

"a

ma

"m

"a

NOR gate

divider
"m

"m

NOR gate

Flip-flop
"

"a

Divider

"m

"m

"

"

NOR gate

Reference voltage source

Precision op-amp
"a "m

Voltage
61
"m

"m

"a

regulator +15 V

am +12 V

" -5 V

" -5 V

" -5 V

Transistors

Q1

Q2

Q3

Q4

Q5

Q6

Q7

Q8

Q9
Q10

Diodes

Light emitting

Schottky diode
"a am

Light emitting

Schottky diode
"1 ma

Rectifier, General-Purpose

HP-5082-4484

HP-2835

HP-2835

HP-5082-4484

HP-2835

HP-x2835

IN4004

51

95H03

95H90

95H90

95H90

95H90

95H03

95H28

95H28

95H28

95H90

95H90

95H90

95H03

95H03

LM-399H

OP-05C

OP-05C

7815

7812

7905

7905

7905

BFR90

BFR90

2N3904

BFR90

BFR90

2N3904

2N4250

2NJ906

2N4250

2N3906

CR1

CR2

CH3

CR4

CR5

CR6

CR7



Diodes, cont. CR8

CR9

CR10

CR11

CR12

CR13

CR14

CR15

Rectifier, General-Purpose

Zener diode

Zener "

Light emitting

IN4004

IN5240

IN5240

HP-5082-4484

Resistors--t5% tolerance

R1

R2

R3

R4

R5

R6

R7

R8

R9

R10

R11

R12

R13

R14

R15

R16

R17

R18

R19

R20

R21

R22

R23

R24

R25

R26

R27

R28

R29

R30

R31

R32

R33

R34

R35

R36

unless noted otherwise

Composition 51 a 1/4 W
" 51 a 1/4 W

51a 1/4W
680 a 1/4 W
33 a 1/4 W
47a 1/4W

OSM termination 50 a
Selected, used only if needed

Composition 680 0 1/4 W

" 33 a 1/4 W

" 47 a 1/4 W
OSM termination 50 a
Selected, used only if needed
Composition 1 KO

Glass film 4.75 K 1%

Trimmer, multi-turn 1 K

" 1 Ko

Carbon film 1.82 KO 1%
Composition 1.3 KA 1/4 W
Precision, wire wound 100 a 0.1%

Composition 1.3 KO 1/4 W
Precision, wire wound 100 0 0.1%

Not assigned

Wire wound 1 KA 2 W
Composition 180 Z 1/4 W

"f 100 a 1/4 W
"f 75 n 1/8 W
"0 150 A 1/4 W

"f 150 n 1/4 W

" ?220 a 1/4 W
150 0 1/4 W
150 r 1/4 W

75 n 1/8 W

"f 220 a 1/4 W

" 100 a 1/4 W
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Capacitors

C1 Disk ceramic 0.001 jF

C2 Silver mica 270 pF

C3 Silver mica 270 pF

C4 Silver mica 33 pF

C5 Trimmer 1.8-13 pF

C6 Silver mica 50 pF

C7 Trimmer 15-60 pF

C8 " 15-60 pF

C9 Silver mica 50 pF

C10 Trimmer 15-60 pF
C11 Disk ceramic 0.001 pF
C12 Unassigned

C13 Silver mica 3 pF

C14 Disk ceramic 0.001 uF

C15 Unassigned

C16 Silver mica 3 pF

C17 Ceramic 1 pF, 25 V

C18 " 1 jF, 25 V

C19 Electrolytic 100 jF, 25 V

C20 " 100 pF, 25 V

C21 Disk ceramic 0.01 P F, 100 V

C22 Electrolytic 100 iF, 25 V

C23 Disk ceramic 0.01 U F, 100 V

C24 Electrolytic (2) 1000 yF, 25 V

C25 Tantalum 1 pF, 35 V

C26 Electrolytic 100 yF, 25 V

C27 Disk ceramic 0.05 VF
C28 Electrolytic (2) 1000 yF, 25 V

C29 Tantalum 1 jF, 35 V

C30 Electrolytic 100 jF, 25 V

C31 Disk ceramic 0.05 U F
C32 Electrolytic (2) 1000 aF, 25 V

C33 Tantalum 1 pF, 35 V

C34 Electrolytic 100 yF, 25 V

C35 Disk ceramic 0.05 yF

C36 0.001 uF

C37 0.01 uF, 25 V

C38 Silver mica 5 pF

C39 Disk ceramic 0.01 VF, 25 V

C40 Silver mica 5 pF

C41-59 Disk ceramic 0.01 uF, 100 V

(Not shown on schematic, these are

bypass capacitors near each I.C. socket.)
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Inductors

L1 rf choke, miniature 51 iHy
L2-4 Ferrite beads

Connectors

Output, Type N, OSN 410-101 or equal, 2 ea.
Terminator, Type OSM, OSM-210-1 or equal, 2 ea.

(Shoulder turned down to reduce size)

Switches

S1 Rep. rate, 2 pole, 4 position miniature,
Alco switch MRB-2-5 or equal

S2 Delay, 2 pole, 4 position miniature,

Alco switch MRB-2-5 or equal
S3 Mode, 1 pole, 3 position center off toggle

Alco MTA lOSE or equal

Knobs

Miniature, 1/8" for S1 and S2, 2 ea.

Miscellaneous

Y1 Crystal, 10 MHz, FM-2 case
Socket, crystal, type FM-2

I.C., low profile 16 pin D.I.P., 14 ea.
I.C., 8 pin, Augat 8059-2G5 or equal, 2 ea.
I.C., 4 pin, Augat 8059-4G4 or equal, 1 ea.

Heat sink pads, 4 ea.
Blank plug-in, Tektronix 040-0652-05

Coax line, semi-rigid, 3.5 mm, TFE, approx. 2 ft length
Printed circuit board, 1/16" thick G-10, double-sided foil pattern per
figure A-1.
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Figure A-1. Printed circuit board for RFPG.
(4.4" to 4.45" by 9.8" to 9.85" in size.)
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Appendix B. Alignment/Calibration Procedures

There are a minimal number of adjustments needed for maintaining the proper operation of this

generator. These involve the output resistance, dc output voltage levels, trigger repetition rate,

and delay (Trigger-to-Pulse) time.

A. Output Impedance Adjustments (Trigger and Pulse outputs)

1. Set the mode switch to 0 V.

2. 'Connect an accurate ohmeter to the type-N output connector. Be sure that the ohmmeter

test voltage on the center conductor is positive.

3. Measure the dc resistance. If it is not 50.00 a 0.5 percent (may use a tighter speci-
fication if desired), then continue to step 4.

4. Select an SMA, microwave, 50 a termination, R7 (R12), whose dc resistance is very close

to, but slightly greater than, 50.00 A.

5. Compute the required shunt resistor, R8 (R13), using R8 = 50 x R7/(R7 + 50).
6. Select the nearest standard value 1/4W, carbon composition resistor for R8 (R13) and

install it with very short leads to the connection point of CR3 (CR6) and the 3.5 mm

coax. Use adequate heat sinking on the resistor during soldering.

7. Repeat steps 1 through 3.

B. Output Voltage Adjustment

1. Connect an accurate DVM to the type N output connector.

2. Set the DVM to the 1 V range.
3. Set the mode switch to 0 V.

4. Check that the output voltage is 0.0 V * 10 VV. If OK, go to step 6.
5. If the output is greater than 10 V, then CR3 (CR6) has excessive leakage current and

must be replaced.
6. Set the mode switch to DC.

7. Adjust R17 (R16) for a reading of 1.000 V 1 mV on the DVM (a tighter specification may

be used if desired).

C. Repetition Rate Adjustment

1. Connect an accurate frequency counter to the Trigger output.
2. Set the repetition rate switch to 1000 kHz.
3. Set the mode switch to Pulse.
4. Adjust C5 to set the repetition rate to precisely 1.00 MHz 0.01 percent ( 100 Hz).

D. Delay Adjustment

1. Use a dual channel, random sampling oscilloscope for these adjustments.

2. Remove the internal reverse termination, R7, on the Trigger channel. Connect an SMA,

10 dB pad and coaxial cable to this point. Connect the other end of the cable to the

scope trigger input.

3. Connect the ChA sampler to the SMA CLK (clock) output on PC board.

4. Connect the ChB sampler to the Pulse output.

5. Connect a 50 a termination to the Trigger output.
6. Set the generator controls as follows:

Mode: Pulse, Repetition Rate: 1 MHz, and Delay: 200 ns.
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CLK output
(see figure 3-1.)

PULSE or TRIGGER output

TD

Figure B-1. Time delay adjustment waveforms. Vertical: 100 mV/div.
Horizontal: 2 ns/div. (or faster).

7. Set the sampling scope controls as follows:

Mode: Random sampling, Dual Trace, 2 ns/cm, Trigger: as needed for stable display.

8. Adjust the time position control for a display similar to that shown in figure B-1.

Adjust the individual vertical channel delay controls to minimize the time TD between

transitions.
9. Measure and record TD1 = - ns.

10. Connect the ChB sampler to Trigger output and the 50 a termination to Pulse output.

11. Adjust the scope time position control for the figure B-1 display again.

12. Adjust C7 to set TD to precisely the value measured in step 9.

13. Set the delay to 0 ns.
14. Connect the ChB sampler to Pulse output and the 50 a termination to the Trigger output.
15. Adjust the time position control for the figure B-1 again.

16. Adjust C10 to set TD to precisely the value measured in step 9.

17. Set the delay to 100 ns.

18. Adjust the time position control for the figure B-1 display again.

19. Adjust C8 to set TD to precisely the value measured in step 9.

20. Set the delay to 300 ns.

21. Adjust the time position control for the figure B-1 display again.

22. Measure and record TD3. TD3 should equal TD1, from step 9, *1/2 ns.

23. Remove the 10 dB pad and replace the internal 50 a termination for the Trigger output.
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Appendix C. Measurements of the Effective Time Constant (TSB)

for the BFR 90 Transistor

Besides the parameters that can be obtained from the base-emitter and collector-emitter charac-

teristics, modeling of the BFR 90 transistor using the nonlinear GMB model [15] requires knowledge of

the effective collector current exponential response to a step of base current (common-emitter con-

figuration). As described in reference 15, a charge-controlled model of the base-emitter junction

(and the associated differential equations) can be used to develop the following common-emitter equi-

valent circuit for simulation purposes:

Rin B rBB'

IB'E

f Vin * 4
4
4

E

'CBO

B' rs C RL

R'

[ ~FEiB'E
_ C #001 NVCC

E

Figure C-1. Common-emitter equivalent circuit (GMB model).

where: rBB' = bulk or extrinsic base-emitter resistance
R' = current-dependent base-emitter diode resistance, rB'E
C = sum of the base-emitter diffusion capacitance (CBIE) and a

representative of the collector-base depletion capacitance

ICBO = leakage (cutoff) current of the collector-base junction

"FE = iC/iBE, the common-emitter base to collector current gain,
rs = collector saturation resistance

feedback- capacitance (Cf)

or beta (8)

Although this equivalent circuit is useful for large signal switching analysis, operation in the

saturation region where storage time effects must be accounted for is not inherent to the use of the

BFR 90 switches used in the RFPG., Therefore, the saturation sensing diode and storage time circuit of

the complete GMB model is not included in figure C-1.

The R'C time constant is denoted as TB' where TB. = (CB'E + Cf) rB'E. This time constant is con-

sidered to be constant over the entire base current excursion even though the dynamic impedance

between the B'-E terminals is continuously variable during the transient step. As pointed out in

reference 15, this variation is important when source impedances (Rin) are of low value since then the

input impedance affects the level of current from the driving source. For the RFPG, the driving

source to the BFR 90 transistors is the low impedance (-7 9) output from an ECL logic OR gate. A

measure of TB1 then allows for a calculation of C since R' is determined from the base-emitter charac-

teristics.
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50Q
air line 90* SMA Rin 1.1kQ

1/8" microstrip

Tunnel 50Q R1
.r diode step R1

generator =
(tr<1OOPS) +V1

+V2

R2 1/8" microstrip

4,7kQ SMA
BFR 90 50Q

-= Sampling
Oscillo-
scope

Figure C-2. BFR 90 time constant measurement circuit.

With a large value of Rin (so that Iin = Vin/Rin = constant) and ignoring the second-order effect

of ICBO, the instantaneous collector current can be expressed as

iC(t) = aFE'inEl - exp(-t/TB,)]. (C-1)

Time constant TB1 is equal in value to the -63 percent point of the collector current response to a

base current step, measured with iC ranging from cutoff to just saturation (with the desired value of

load resistor RL in the collector circuit).

A test board using microstrip lines and miniature connectors for a broadband 50 a environment

(developed for time domain reflectometry testing purposes) was used to make the TB1 measurements. The

circuit board and test setups are shown in figure C-2.

The bias supplies V1 and V2 were provided by a bank of NiCad batteries. R2 is the effective load

resistor (RL) as indicated in figure C-1. Using 50 a microstrip lines with 1/8 inch wide copper foil
on glass-epoxy printed circuit board, the step generator and sampling oscilloscope were connected via

miniature high-frequency connectors. Observation of the tunnel diode step generator with the sampling

scope output of the standard 50 a air dielectric line indicated a step transition duration (tr) of

less than 100 ps.

Photographs taken of the step response of a typical BFR 90 transistor in the test circuit given

in figure C-2 are shown on figures C-3 and C-4.

The results of the step response tests run on three BFR 90 transistors are tabulated in the table

C.1. The data from this table are plotted in figure C-5 showing that for large signal collector cur-

rent swings up to approximately 30 ma (corresponding to load resistance of about 200 n), the effective

TB. is around 3 ns.
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Start

6 div.

p-p

Finish

(a)

(b)

Start

63% down

(3.78 div.)

Finish

63% point (1.2 div.)
Start

Figure C-3. Step response (Nob measurement) photos of a typical BFR 90 transistor (150 sa load
resistance).
(a) Vertical: 5 mV/div. Horizontal: 10 ns/div. Test conditions: V1 = V2 = 6.3 V, R1 =6.2 ki, R2 = 150 Q. VCE swing: 6 div p-p; +1.5 V (saturation), +4.9 V (cutoff).
(b) Vertical: 5 mV/div. Horizontal: 2 ns/div. Test conditions: same as above. 63% x6 div. = 3.78 div. Tb' = 1.2 div. x 2 ns/div. = 2.4 ns.
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Start

63% down

Finish

Start

63% down

Finish

Start

(b)

Start
63% point: T8 ' 1.25 div. x 5 ns/div.

6.3 ns

Figure C-4. Step response (Tb' measurement) of a typical BFR 90 transistor (300 a and 620 a load
resistance).
(a) Vertical: 6 div. p-p. Horizontal: 10 ns/div. Test conditions: V1 = 5.02 V, V2 =
6.3 V, R1 = 6.2 ko, R2 = 300 n. V E swing: +0.6 V (saturation), +5.8 V (cutoff).
(b) Vertical: 6 div. p-p. Horizontal: 5 ns/div. Test conditions: same as above except
R2 = 620 t. VCE swing: +0.6 V (saturation), +5.6 V (cutoff).
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Table C.1. Summary

Transistor number R 2 = 150 n R2 = 300 A R2 = 620 S
(ns) (ns) (ns)

5 2.4 5.45 6.25
6 2.0 5.2 8.4
3 1.8 5.0 7.9

Ave. 2.07 5.22 7.52

* Transistor #5

* Transistor #6

V Transistor #3

0 100 200 300 400 500
R2 (load resistor) in ohms

600

Plot of TBi data on BFR 90 transistors.
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Appendix D. Collector Capacitance Equivalency

Given the circuits shown in figures D-1 and D-2 on the following page, it is desired to determine

the step response voltage at the collector node due to either the known collector-base capacitance or

an equivalent capacitance between collector and circuit common. Letting X(s) = X x(t)] denote the

Laplace transform representation of the instantaneous value of the circuit variables for figure D-1,

then

Ib(s) = Ib'e(s) + If(s), (D-1)

where, assuming zero initial conditions,

If(s) = sCfVb'c(s). (D-2)

The collector-base voltage Vb'c(s) is determined by

Vb'c(s) = Ib' e (s)R + V0 (s), (D-3)

where V0 (s) = IR(s)Rt is the collector output node voltage. Since

It(s) = $Ib'e(s) - If(s) (D-4)

then

V0(s) = [BIb'e(s) - Ifgs)]Rt (D-5)

or, by substituting for If(s), using eq (D-1),

V0(s) = [Ib'e(s)(1 + B) - Ib(s)]RZ. (D-6)

By solving for Vb'c(s) in eq (D-2), and using eq (D-3),

IWe (s)R + V0(s) = If(s)/sCf (D-7)

or,

R2CfsIbe(s) + CfsV0(s) = If(s) = Ib(s) - Ib'e(s). (D-8)

Solving for Ib'e(s) gives

Ib(s) - CfsV (s)

Ib'e(s) = 1 + R C s (D-9)
2 f

Substituting for Ib'e(s) in eq (D-6),

Ib(s) - C sV (s)

V (s) = [( 1 + R2C s )(1 + B) - Ib(s)]RL. (D-10)
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Ib(t) = Iu(t)

Iif LCf I

B' R3 C

I t e I ib'eI

I I
I I
LE

Figure D-1. Simplified transistor model using collector-base capacitance for step response.
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I
B R1  B' R3 C

ib(t) = IR, ) R2 b' b'e

I I. I

E

Simplified transistor model using equivalent common-collector
capacitance for step response.
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With appropriate rearrangement,

(S - R2Cfs)RIIb(s)

V(s) =1 + [R + (1 + S)R]Cfs. (D-11)

For ib(t) = Iu(t), an input step of base current of I amperes, so that Ib(s) = I/s,

(S - R2Cfs)R I

Vo(s) s{1 + [R2 + (1 + B)R ]Cfs} (D-12)

or,

BR I R2CfRLI

o(s) = s 1 + [R 2 + (1 + S)R ]Cfs - 1 + [R2 + (1 + s)RL]Cfs. (D-13)

By using partial fraction expansion,

BR I BR I

V (s) = - _ _

s + [R 2 + (1 + S)R ]Cf

R2R

R2 + (1 + S)RL)

1 (D-14)

s + [R2 + (1 + B)RR)Cf

or,

1 R I
V0(s) = R - 5s + 1/T1  s + 1/T1 , (D-15)

where: 1 = [R2 + (1 + B)R,]Cf
R2 RR

Rp = R2 + (1 + B)R '

The step response voltage at the collector node is thus

V0 (t) = OR9I[1 - exp(-t/t1)] - RpI exp(-t/T1 ). (D-16)

For figure D-2,

SIb'e(S) = BIb(s). (D-17)

The load impedance at the collector node is

R

Z =(s) 1 + R C s (D-18)

X o

so that the collector output node voltage is

Vo(s) = gIb(s)Z,(s) (D-19)
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or,

BR I (s)
V (s) =1 + R C s (D-20)

Io

which corresponds to eq (D-11) for figure D-1. Again, for Ib(s) = I/s, corresponding to an input step

of base current of I amperes,

BR I
V (s) = . (0-21)o s[1 + R Cos]

By partial fraction expansion,

SRII SRI
Vo(s) = - , (D-22)

s +R

or,

V (s) = SR I[- - -], (D-23)

where T2 = RICO. The step response -voltage is then

V0(t) = ORII[1 - exp(-t/T 2)]. (D-24)

For equivalent response times,

Ti = [R2 + (1 + S)R ]Cf = T2 = RICO. (D-25)

For typical values, (1 + B)RI >> R2. Hence,

(1 + B)RICf R Co, (D-26)

or,

Co = (1 + B)Cf. (D-27)

In the case for a BFR 90 transistor, from reference 17, typically

Cf = Ccb = 0.5 pF

B = hFE 25min to 250max. (D-28)

From actual observed collector characteristics (see fig. 4-20), typical B values are 40 to 80. Using

B = 60 and Cf = 0.5 pF in eq (D-27),

C0(typical) s (61) 0.5 pF = 30.5 pF. (D-29)

A value of Co = C9 = 10 pF was found to produce good results in the TRFPG program model shown in
figure 4-31.
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