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Abstract

In the development of a semiconductor process benchmarks for the performance of
this technology are needed. The maximum toggle rate of a static frequency divider
represents a good benchmark for the applicability of the process for high-speed logic
circuits.

We report on the design and implementation of three frequency divider circuits
in InP-DHBT technology using current mode logic: a 1/2 frequency divider, a 1/4
frequency divider and a variant of the 1/2 frequency divider which uses internal level
shifters to avoid saturation of the transistors in the latch pair. For the evaluation
of the circuits a complete measurement setup is proposed.

A detailed analysis of the sensitivity of the maximum toggle rate to variations
of several transistor and circuit parameter values yields that the base collector
capacitance is the most important parameter and the base access resistance is the
second most influencing parameter. Possible trade-offs that result from changing
transistor geometry are investigated. Additional simulations based on estimated
parameter values for next generation transistors establish conditions under which
100 Gb/s and 160Gb/s frequency dividers appear possible.



Preface

Divide et impera!

— Ancient Roman maxim

The task for this diploma thesis consisted of designing a frequency divider as bench-
mark for an InP-DHBT process developed at the Electronics Laboratory of the ETH
Zurich. The task included the generation of a layout and the measurement of the
circuit. Due to a delay in the fabrication of the circuit it was not possible to per-
form the measurements within the given time frame. Nevertheless, the proposed
measurement setup is included in this report in Chapter 5. Compensating for the
missing measurement results we have extended our simulations. The goal was to
find transistor parameter values that would allow for 100 and 160 Gb/s frequency
dividers and therefore facilitate next generation communication circuits.

We would like to thank Iwan Schnyder and Volker Schwarz for their valuable
support and for the possibility to drop in at any time and get help in answering
our questions.

Zurich, March 22, 2002
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Chapter 1

Introduction

In this chapter we give a short introduction to heterojunction bipolar transistors
(HBTs) and their use in high-speed circuits. Furthermore, we will explain the use
of static frequency divider circuits for benchmarking semiconductor technologies.

1.1 III/V Compound Semiconductor Technology

Large capacity fiber-optic communication systems as well as mm-wave wireless com-
munication systems require high-speed devices to handle multi-Gb/s data rates.
III/V compound1 semiconductor technology is very promising for these applica-
tions. A high potential device in this technology is the heterojunction bipolar
transistor (HBT). HBTs have significant advantages compared to standard bipolar
junction transistors (BJTs). They exhibit higher injection efficiency and higher
electron mobility, resulting in shorter base transit time and lower diffusion capac-
itance [1]. In contrast to the conventional homojunction BJT, a wide-bandgap
material is used for the emitter of a HBT. Emitter and base are thus forming a
heterojunction, i.e. emitter and base of the HBT are made of different materials so
that the bandgap of the emitter Eg,E is larger than the bandgap of the base Eg,B.
Figure 1.1 shows a comparison of the band diagrams of an npn BJT and an npn
HBT. Note that the base-emitter heterojunction of the HBT causes the holes in the
base to experience a larger energy barrier than the electrons in the emitter.

To get an idea of what makes the HBT superior to the BJT we consider the base
current and the collector current of the BJT. Particularly, we are interested in the
back-injection component IBp of the base current. Figure 1.2 is a simplified sketch
of the current components in the BJT. For a more detailed introduction to the
physics of BJTs see [2, 14]. The following calculations require that the transistor is
operated in the forward-active mode. We assume that there are no recombination
effects in the base, i.e. we neglect the recombination component Irec of the base
current. Furthermore, we neglect the saturation current Isat of the reverse-biased
base-collector diode since this component is very small and contributes only little

1Materials from group III and group V in the periodic table of elements.
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Figure 1.1: Band diagrams of an npn BJT (left) and an npn HBT (right) in the
forward-active mode.

to the overall collector current. Note that in Figure 1.2 particle flows are indicated
with symbols for electrons and holes. The electrical currents are denoted by the
surrounding arrows. Base current and collector current are given by

IBp =
qAEDpE

XE
·
n2

iE

NE
exp

(
VBE

VT

)
(1.1)

IC =
qAEDnB

XB
·
n2

iB

NB
exp

(
VBE

VT

)
(1.2)

In the above expressions, q is the elementary charge, AE is the emitter area, NE

is the emitter doping level, XE is the emitter thickness, DpE is the minority hole
diffusion coefficient in the emitter, niE is the intrinsic carrier concentration in the
emitter, NB is the base doping level, XB is the base thickness, DnB is the minority
electron diffusion coefficient in the base, and niB is the intrinsic carrier concentra-
tion in the base. VBE is the base-emitter voltage and VT is the thermal potential2.
Usually XE � LpE , where LpE is the diffusion length in the emitter, and thus XE

can be replaced by LpE . For homojunction BJTs, niE = niB. Thus, the ratio of
(1.2) and (1.1), commonly referred to as the emitter injection efficiency, becomes

η =
IC

IBp
=

DnBLpENE

DpEXBNB
∝ NE

NB
(1.3)

An increase of η results in an increase of the forward current gain βF . From Equa-
tion (1.3) we derive that for high current gain devices we would like NE to exceed
NB in order to reduce the back-injection component IBp of the base current. How-
ever, a low base doping level NB increases the base access resistance RBB′ which
substantially degrades the high frequency performance of the device. The relation
of the maximum oscillation frequency fmax and RBB′ is given by

fmax ∝
1√

RBB′
(1.4)

2VT = kT
q
' 26 mV at room temperature. T denotes the temperature.
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Figure 1.2: Current components of the BJT in forward-active mode. Components
Irec and Isat are neglected for the calculations.

For the HBT both Equations (1.1) and (1.2) apply as well. However, the intrinsic
carrier concentrations in the emitter and in the base are different because of the
heterostructure. Hence, for the HBT Equation (1.3) is modified:

η =
IC

IBp
=

DnBLpENE

DpEXBNB
exp

(
∆Eg

kT

)
(1.5)

where
∆Eg = Eg,E − Eg,B

∆Eg denotes the band gap difference between emitter and base, k is the Boltzmann
constant, and T is the temperature. Equation (1.5) illustrates that the current
gain can be adjusted independently from doping levels. Because of the exponential
term the current ratio can be made large even if NB � NE . A higher base doping
level NB reduces the base contact resistance and thus improves the high frequency
performance. For detailed information on the physics of HBTs see [6].

This work is based on an InP-DHBT process developed at the Electronics Lab-
oratory of the ETH Zurich. In a DHBT3 the base-collector junction too forms a
heterojunction. As a major advantage DHBTs have a higher breakdown voltage
than HBTs. Figure 1.3 shows the simplified layer structure of a DHBT. This special
arrangement is called a mesa structure. The layers are epitaxially grown on an InP
substrate and the device is formed by a sequence of etching steps. The InP emitter
mesa resides on top of an InGaAs base which is followed by an InP collector. I.e.
emitter and base as well as collector and base are building two heterojunctions. For
details on the device structure and experimental results see [10, 11].

Semiconductor Process Benchmarking

Semiconductor technologies are usually benchmarked by the performance of demon-
stration circuits. Static frequency dividers have proven to be good demonstration

3Double Heterojunction Bipolar Transistor
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Figure 1.3: DHBT layer structure.

circuits for the high-speed potential of digital integrated circuit processes [13]. As
will be shown in Chapter 2 the basic component of a static frequency divider is
the D-type flip-flop. Such flip-flops are basic building blocks for most logic circuits.
This makes the performance of frequency dividers a good indicator for the high-
speed potential of digital integrated circuit processes. In contrast, using a simple
logic gate as a demonstration circuit is not very suitable: Though it is easily fab-
ricated the test setup is not necessarily well-defined whereas the functionality of a
frequency divider is straightforward and can be evaluated with simple test equip-
ment. Furthermore, an isolated gate is not quite representative for more complex
circuits. For the frequency divider to be representative of the logic circuits it is im-
portant to keep the design as simple as possible. Only then it is possible to make a
comparison of the frequency divider performance for different semiconductor tech-
nologies. To obtain optimized frequency dividers more sophisticated designs might
be useful. Two special configurations of frequency dividers are presented in [4].

1.2 Frequency Dividers in High-Speed Networks

In many applications frequency dividers are used. For example, they are utilized in
receiver circuits of photonic networks. The fundamental part of such networks is the
fiber optic link illustrated in Figure 1.4. A transmitter circuit combines separate
data streams into one high data rate signal by means of a multiplexer (MUX). An
optical source, e.g. a laser diode, converts the electrical signal to an optical signal.
The optical wave then propagates along an optical fiber and is detected at the
receiver. The signal is converted back to an electrical signal and the different data
channels are separated again by means of a demultiplexer (DEMUX). The channels
are further split into lower data rate channels by subsequent demultiplexers. For
the demultiplexers to work properly the clock signal must be provided. The clock
is extracted from the data signal using a clock extraction circuit. Since the second
stage demultiplexers work at half the data rate of the first demultiplexer, a frequency
divider, which divides the extracted clock signal, is needed.
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Figure 1.4: Fiber optic link for a 40 Gb/s system. The grey triangles symbolize
amplifier circuits. Clk Ext.: clock extraction.



Chapter 2

Frequency Divider

2.1 Building Blocks

The key component for frequency dividers is the D-type flip-flop illustrated in
Figure 2.1. The D-type flip-flop is a bistable circuit with one single data input D
plus a synchronizing clock input CLK. The D-type flip-flop itself is built in a
master-slave configuration with one D-type latch acting as master and a second
one acting as slave (see Figure 2.1). The main difference between a latch and a
flip-flop is transparency. The latch is transparent throughout the positive phase
of the clock cycle, i.e. output QM follows input D. As soon as the CLK signal
turns low the present value of Q is stored (latched) and remains unchanged. How-
ever, in many cases it is better to have Q isolated from D. This can be achieved
using the master-slave approach mentioned above. Figure 2.2 shows a comparison
of the output signals of a simple D-type latch and a D-type master-slave flip-flop.
Output QM of the master latch changes as long as CLK is high but it does not
affect the overall output Q because the CLK input for the slave is inverted (T1−T2

in Figure 2.2). Only when CLK turns low the output of the master QM is trans-
ferred to the overall output Q (T2 in Figure 2.2). This is the typical behavior of a
negative edge-triggered device, i.e. the circuit changes state on the falling edge of
the clock.

Figure 2.1: Symbol (left) and block diagram (right) of the D-type flip-flop.
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Figure 2.2: Timing diagram of a D-type latch (QM) and a D-type flip-flop (Q).

The circuit depicted in Figure 2.3 is generally known as T-type flip-flop1. It is
basically a D-type flip-flop with its inverted output Q connected back to its input D.
This works only for D-type flip-flops with Q and D isolated as is the case with the
master-slave configuration. Connecting a simple latch in the same manner would
result in unwanted oscillations. The timing diagram for the toggle flip-flop is shown

Figure 2.3: T-type flip-flop.

in Figure 2.4. We assume that CLK initially is set to low and Q is low too, then
D must be high since it is connected to Q. As already seen, whatever value is at
D is transferred to Q at the next falling clock pulse (T1). In this special case Q
turns high on the next falling clock pulse and therefore D turns low. D is held
low for an entire clock cycle. As CLK changes from high to low again the stored
value (which is low for T1 − T2) is transferred to Q and hence D becomes high.
Again, when the next falling clock pulse arrives the stored value (which is high for
T2 − T3) is transferred to Q. Inspection of the waveforms shows that the frequency
of the output signal Q is half that of the CLK signal. Thus, the toggle flip-flop
performs the desired frequency division. We choose the described toggle flip-flop as
a prototype for the divide-by-two circuit independently of any particular transistor
technology. From this prototype any frequency divider with a division ratio of 2N

1T stands for “Toggle”
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Figure 2.4: Timing diagram for the T-type flip-flop.

can be derived by connecting N toggle flip-flops in series (see Figure 2.5).

2.2 CML Circuit Design

For applications with complex logic functions operating at very high clock rates
current mode logic (CML) is the favorite choice. CML offers many advantages
compared to e.g. CMOS or ECL [5]. One of its main features is its fully differ-
ential routing of signal paths. This prevents unwanted noise from corrupting logic
signals. Possibly the most important advantage of CML is its capability of im-
plementing complex logic functions in one single gate. A typical CML inverter is
shown in Figure 2.6. It consists of a differential pair of transistors with two equal
collector-load resistors, a DC current source and differential inputs. For further
details on differential pairs see Appendix C. Depending on the input signal IN,
current I0 is steered through either transistor Q1 or transistor Q2. To guarantee
proper operation over the desired range of temperature, an appropriate logic swing
has to be chosen. According to [5] a logic swing VL of 10 VT at the highest tem-
perature should be used. To achieve more complex functions a technique called
series-gated CML is used. This is described in detail in [5].

All circuits in this thesis have been implemented in CML using InP-DHBTs.
The basic CML latch which the frequency divider is based on is shown in Figure 2.7.
The latch consists of a track pair (Q1–Q2) and a latch pair (Q3–Q4) with common
collector-load resistors RC. A third pair (Q5–Q6), the clock pair, steers the current

Figure 2.5: Series connection of N frequency divider.
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Figure 2.6: Schematic of a simple CML inverter.

I0 up through either the latch pair or the track pair. The complete latch as depicted
in Figure 2.7 works as follows: As a first step we assume CLK to be high and its
complement CLK to be low. This is called the track mode. I0 is steered through
Q5 and up through the track pair. Depending on the input signal IN a voltage
drop appears across either one of the resistors RC . When CLK changes to low the
latch switches into latch mode, i.e. I0 is switched from the track pair to the latch
pair. Since the collector nodes are high-impedance nodes they retain their voltage
during the time of switching. Then the positive feedback mechanism of the latch
pair refreshes and holds the signal level at the collector nodes. This voltage is now
independent of the input signal.

Connecting two CML latches in series but with inverted clock signals results
in the previously described master-slave flip-flop. The complete schematic of the
CML D-type master-slave flip-flop is shown in Figure 2.8. If CLK is high, the
master latch is in track mode and the slave latch is in latch mode. Thus, the actual
input signal value is transferred to the input of the slave latch, whereas the slave
latch still retains the old signal value at the output. On the next clock transition
from high to low the master latch is switched into latch mode and the slave latch
is switched into track mode. At that point the new signal value is applied to the
flip-flop output. During the positive clock phase, the master latch is reset to track
mode and the slave latch is set to latch mode. Hence, the master latch acquires the
new signal sample whereas the slave latch retains the current signal sample. On
the next clock transition from high to low the new signal sample is presented to the
flip-flop output. To obtain the desired frequency divider circuit, OUT is connected
back to IN and OUT is connected back to IN. Figure 2.9 shows a standard CML
1/2 frequency divider.
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Figure 2.7: Schematic of the CML D-type latch.
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Chapter 3

Sensitivity Analysis

Using a static frequency divider for benchmarking a semiconductor process yields
a figure of merit for the high-speed potential of the transistors under test. But in
order to find directions for process improvements, better understanding of how the
maximum toggle rate of the frequency divider depends on the transistor param-
eters is needed. Usually the speed of transistors is determined by measuring the
maximum oscillation frequency fmax and the unity current gain cutoff frequency
ft. Several studies [8, 12, 13, 15] have shown that fmax and ft are poorly corre-
lated to the maximum toggle rate of the frequency divider built with the respective
transistors.

It has been reported [1] that the base-collector capacitance CBC is the most
decisive transistor parameter for the maximum toggle rate of a frequency divider.
Another study [13] identified the length of the feedback path (see Figure 2.9) to be
critical to the divider performance. In this chapter we calculate the sensitivity of
the maximum toggle rate to variations of several transistor and circuit parameter
values. We use two different transistor models to carry out these simulations.
Additionally, we investigate on desirable transistor parameter values for reaching
100 and 160 Gb/s frequency dividers. All of the following simulations have been
performed using Agilent’s Advanced Design System (ADS).

3.1 Transistor Models

For high-speed logic circuits a transistor model is needed to describe the transient
behavior of the circuit. The operating points of the devices are constantly switched
at high frequencies and therefore conventional small-signal models are not appro-
priate. We use dynamic large-signal models to describe the circuits.

3.1.1 Ebers-Moll Model

Figure 3.1 shows the static Ebers-Moll transistor model. Collector, base and emitter
are labeled C, B, and E, respectively. The transistor operation is described by the
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Figure 3.1: Static Ebers-Moll transistor model.

Ebers-Moll equations:
IC = αF IDE − IDC (3.1)

IE = −IDE + αRIDC (3.2)

where

IDC = ISC

(
exp

VBC

VT
− 1
)

IDE = ISE

(
exp

VBE

VT
− 1
)

ISC and ISE denote the saturation currents of the base-collector diode and the
base-emitter diode, respectively. VBE is the base-emitter voltage, VBC is the base-
collector voltage, VT is the thermal voltage. αF is the forward common-base current
gain and αR is the reverse common-base current gain. Equations (3.1) and (3.2) are
valid in all regions of device operation, i.e. forward-active, saturation and reverse-
active. The base current IB can be expressed in terms of the collector current IC :

IB =
IC

βF
(3.3)

where βF is the forward common-emitter current gain. Summation of the currents
leads to an equivalent expression for IE :

IE = − (IC + IB) = −
(

IC +
IC

βF

)
= − IC

αF
(3.4)
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From (3.3) and (3.4) using
IB = − (IC + IE) (3.5)

we get

αF =
βF

1 + βF
(3.6)

Solving for βF yields
βF =

αF

1− αF
(3.7)

Equivalently, αR can be calculated from βR and vice versa. For a detailed analysis
of the physics underlying the above equations see [14].

The static Ebers-Moll model can be modified to account for dynamic operation.
We have chosen a small set of dynamic elements, resulting in the dynamic large-
signal Ebers-Moll model illustrated in Figure 3.2. Table 3.1 lists all the parameters
being used for this model. CBC is the capacitance resulting from the depletion
region of the base-collector junction. RBB′ is the base access resistance. The
physical explanation for RBB′ is obvious from Figure 1.3: The distance of the base
contact from the intrinsic base zone of the DHBT results in a resistance. For
the same reasons an emitter access resistance REE′ is introduced. The amplifying
behavior of the transistor is modeled by βF and βR. Using (3.6) we can calculate
αF and αR from βF and βR, respectively. Another important transistor parameter
for high-frequency applications is the transit time. To account for this delay we
introduced τF for the forward direction and τR for the reverse operation.

The dynamic Ebers-Moll model is implemented using standard ADS compo-
nents for the passive elements as well as for the controlled current sources. A
simple current controlled current source (CCCS), as shown in Figure 3.3, is used
for both the controlled part of the collector current and the controlled part of the
emitter current. The parameter settings for the CCCS are summarized in Table 3.2.
Hence, the model is an ideal CCCS with zero input impedance and infinite output
impedance. The base-emitter and the base-collector junction diodes are modeled
with standard diode models whose ideality factors are set to one. Figure 3.4 shows
the transistor output characteristics. The small-signal current gain is defined as

hf (f) =
diC (f)
diB (f)

(3.8)

Figure 3.5 shows the AC characteristics with βF swept from 10 to 100.

3.1.2 Gummel-Poon Model

Another transistor model that describes the physical DHBT more accurately is the
Gummel-Poon model. In comparison with the Ebers-Moll model the Gummel-Poon
model incorporates many additional effects. ADS provides a model card for the
Gummel-Poon model with over a hundred parameters that can be specified. The
Gummel-Poon model with all parameters set to ideal values is roughly the same
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Figure 3.2: Dynamic Ebers-Moll transistor model.

Parameter Description Unit
τF Forward transit time fs
τR Reverse transit time fs
αF Common-base current gain 1
αR Reverse common-base current gain 1
βF Common-emitter current gain 1
βR Reverse common-emitter current gain 1

CBC Base-collector junction capacitance fF
RBB′ Base access resistance Ω
REE′ Emitter access resistance Ω

Table 3.1: Parameters of the dynamic Ebers-Moll model.
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Figure 3.3: Schematic of the current controlled current source (CCCS).

as the static Ebers-Moll model. For the simulations we have used a Gummel-Poon
model whose parameters have been fitted to measurements of the DHBTs used in
this work. We will refer to this transistor model as the 1p208-model1 hereafter.

Transistor models with fitted parameters produce highly accurate simulation
results that are in good agreement with the measurement results. However, it is
generally not known how well the fitted parameters relate to the physical effect
they are intended to model. This is due to the fact that one single parameter of
the extracted model can be influenced by several physical effects. As an example
let us consider βF in the 1p208 DHBT model. This parameter describes the large-
signal forward current gain. As illustrated in Figure 3.6 the value of 1000 which
has been fitted for βF results in a small-signal current gain of approximately 110
at low frequencies. Additionally, the relationship between the fitted βF and hf is
nonlinear. Therefore, reducing βF by a factor two, for example, does not result in
half the value for hf .

Because of these uncertainties simple physically motivated considerations might
lead to wrong conclusions about the behavior of model parameters. For example,
to reduce the base-collector capacitance by a factor two by scaling the transistor
laterally will not necessarily result in half the value for CBC in the fitted model.
This does not pose a problem as long as the fitted model is just used to simulate
the transistors which the fit is based on. However, altering parameter values in
a fitted model based on physical considerations is not guaranteed to yield correct
results. For this reason we first analyze sensitivities with the dynamic Ebers-Moll

1The term 1p208 indicates the active emitter area of the device, i.e. 1.2× 0.8 µm2

Parameter Description Setting
G Complex current gain αF

T Time delay associated with current gain τF

R1 Input resistance 0
R2 Output resistance ∞

Table 3.2: Parameter settings of the CCCS.
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Figure 3.4: Output characteristic of the Ebers-Moll model.

Figure 3.5: Small-signal forward cur-
rent gain hf of the Ebers-Moll model.

Figure 3.6: Small-signal forward cur-
rent gain hf of the 1p208 model.
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Parameter Value
CBC 34.1 fF
τF 0.685 ps
RBB 38.7 Ω
REE 3.05 Ω
βF 110

Table 3.3: Values for transistor parameters in Ebers-Moll model.

model described above. The parameters are set to the values of the 1p208 model
according to Table 3.3. The same simulations are performed with the 1p208 model
and the results are compared.

3.2 Simulation Setup

To calculate the sensitivity of the maximum toggle rate to one specific transistor
parameter we use the following procedure: the parameter is swept over a certain
range and for each parameter value the input frequency is swept. At each frequency
point a transient simulation is performed and the output signal is rated to be valid
or invalid.

Three criteria are necessary to determine correct operation of a frequency di-
vider:

• correct output frequency

• sufficient logic swing

• sufficient setup and hold time

The first criterion is usually verified using a spectrum analyzer. An obvious condi-
tion is that the highest peak in the spectrum lies at the desired output frequency.
The remaining criteria can be tested by connecting an identical frequency divider in
series to the first one. This gives an environment that is similar to the one found in
more complex digital circuits. If the requirements are met by the output signal the
second frequency divider stage can produce the correct output with ease because it
operates at half the speed of the first one.

It might be necessary to add buffers between each pair of divider stages as in
[7, 8, 13, 15] for example. These buffers can act as level shifters and amplify the
signal amplitude. For reasons of simplicity a 1/2 frequency divider is used for the
sensitivity analysis. We have set the following conditions for the quality of the
output signal (see Figure 3.7): Let T be the duration of one period and Vout the
output voltage. The following conditions apply:

Vout ≥ 0.1 V for 0.1T ≤ t ≤ 0.4T
Vout ≤ −0.1 V for 0.6T ≤ t ≤ 0.9T
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Figure 3.7: Example signal with criterion for correct output signal.

Although an amplitude of 0.2 V is necessary to switch the differential pair. Sim-
ulations have shown that the abovementioned condition is adequate for a following
frequency divider to divide correctly.

All input signals are sinusoidal with an amplitude of 0.2 V.

3.3 Results

The sensitivity of the maximum input frequency to a transistor parameter p is
defined as the derivative

dfm, norm

dpnorm

where pnorm is the parameter value normalized with the default value (see Table 3.3)
of the respective parameter and fm, norm is the maximum input frequency normal-
ized with fm,ref which is the maximum frequency if all parameter values are set
to their default values. fm,ref = 42 GHz for the Ebers-Moll model and fm,ref =
27 GHz for the 1p208 model. In Figures 3.8–3.14 fm, norm is plotted against pnorm.
Therefore, the gradient of the curves displays the sensitivity.

As described in Section 3.1.2 altering parameter values in a fitted transistor
model is based on the assumption that each parameter describes a physical effect.
Only then considerations about how to improve these parameters by varying the
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process make sense. Although this assumption is not necessarily correct for the
1p208 model it is not unreasonable either. As we will see the results for the 1p208
model confirm the sensitivities calculated with the Ebers-Moll model in most cases.

Sensitivity of fm to CBC

The sensitivity of fm to CBC is shown in Figure 3.8. The maximum input frequency
is more sensitive to CBC than to any other parameter. Smaller CBC allow higher
maximum input frequency than larger CBC . For small CBC the sensitivity is sig-
nificantly higher than for larger CBC . For the 1p208 model the sensitivity to CBC

is considerably lower than for the Ebers-Moll model. This might be the result of
not including a base-emitter capacitance CBE in the Ebers-Moll model. Additional
simulations show that adding a CBE of x fF has a similar effect on the maximum
input frequency as increasing CBC by x

4 fF. The fitted value of CBE in the 1p208
model is 69.6 fF.

Most likely the explanation for the importance of the base-collector capacitance
is that the maximum frequency is determined to a large extent by an RC time
constant in which CBC is the most important part. This time constant determines
how fast the voltage at the collector nodes of the track pair can change. If it does
not reach a level of approximately 0.1 V before the input signal changes its state
the frequency divider does not work properly.

As described at the beginning of this chapter ft and fmax are bad indicators
for the maximum speed of a frequency divider. For a possible explanation a closer
look at the base-collector capacitance is necessary: CBC consists of an intrinsic part
and an extrinsic part. The intrinsic part models the depletion capacitance and the
diffusion capacitance while the extrinsic part results from the overlap of the base
layer with the subcollector (see Figure 1.3). In the Ebers-Moll model shown in
Figure 3.2 CBC only consists of an intrinsic part. An extrinsic part would connect
the base contact B and the collector contact C. Simulations show that only the
total value of CBC influences the maximum input frequency whereas the ratio of
the intrinsic part to the extrinsic part is insignificant. In fmax and ft only the
intrinsic part is included. This results in the poor correlation between fmax, ft and
the frequency divider performance.

Since CBC is an important parameter we give two ideas on how to improve
the process with respect to CBC : Smaller CBC values can be achieved by laterally
scaling the transistor or by increasing the collector width. The external CBC can be
reduced by increasing the distance between the base overlap and the subcollector.
This method is studied in [3].

For input signals with small slew rates (i.e. signals with small rise and fall times)
there is a lower constraint on the abovementioned RC time constant. This time
constant determines the decay of the collector node voltage during the time it takes
to switch the bias current I0 from the track pair to the latch pair (cf. Section 2.2).
If the time constant is to small the output signal dips in the middle of the bit.
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Figure 3.8: Sensitivity of the maximum frequency to CBC for the Ebers-
Moll model (left) and the 1p208 model (right). Reference values are:
CBC, ref = 34.1 fF for both models and fm, ref = 42GHz for the Ebers-Moll model
and fm, ref = 27GHz for the 1p208 model.

Figure 3.9: Sensitivity of the maximum frequency to RBB′ for the Ebers-
Moll model (left) and the 1p208 model (right). Reference values are:
RBB′, ref = 38.7 Ω for both models and fm, ref = 42GHz for the Ebers-Moll model
and fm, ref = 27GHz for the 1p208 model.
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Sensitivity of fm to RBB′

In Figure 3.9 fnorm is plotted against normalized values of the base access resistance
RBB′ . The results for the Ebers-Moll model and for the 1p208 model are nearly
the same. Smaller RBB′ result in higher fm than larger RBB′ . For the Ebers-
Moll model the sensitivity of the maximum input frequency to RBB′ is the second
highest. The sensitivity is more or less constant over the range from 0 Ω to 100 Ω
for both models.

These results indicate that RBB′ is an important component of the RC time
constant introduced above. Principally RBB′ can be reduced by a higher doping
level of the base but with the actual dopant (zinc) the limit is reached. Using other
dopants (e.g. carbon) might allow higher doping densities. RBB′ could also be
reduced by higher base widths which, on the other hand, leads to higher τF . Pure
vertical scaling has negative effects on both RBB′ and CBC because the base width
and the collector width are reduced.

Sensitivity of fm to REE′

Figure 3.10 shows the sensitivity of the maximum frequency to the emitter access
resistance REE′ . Smaller REE′ are slightly better than larger REE′ . The sensitivity
is small and very similar for the Ebers-Moll model and the 1p208 model. It is
interesting to note that increasing values of REE′ significantly reduce the ability of
the frequency divider to handle signals with low slew rates.

Sensitivity of fm to τF

The results for the forward transit time τF are shown in Figure 3.11. The sensitivity
of fm to τF is smaller for the 1p208 model than for the Ebers-Moll model. Generally,
it can be stated that smaller values for τF are better than larger values but τf is
not the most important parameter for the performance of a frequency divider. On
the other hand, τF is a crucial parameter for both fmax and fT .

One method of reducing τF is to reduce the base width which is not desirable
because of the associated increase of RBB′ . Another possibility is to reduce the
collector width which, on the other hand, leads to higher CBC . These two trade-
offs are discussed in Section 3.4.

Sensitivity of fm to βF

For the reasons explained in Section 3.1.2 βF in the 1p208 model can not be com-
pared to βF in the Ebers-Moll model for which the results are given in Figure 3.12.
Above a level of about 60 the forward common emitter current gain βF has no
influence on fm. For values between 60 and 20 the maximum input frequency is
decreasing slightly and for values below 20 the frequency divider does not function
at any frequency.
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Figure 3.10: Sensitivity of the maximum frequency to REE′ for the Ebers-
Moll model (left) and the 1p208 model (right). Reference values are:
REE′, ref = 3.05 Ω for both models and fm, ref = 42GHz for the Ebers-Moll model
and fm, ref = 27GHz for the 1p208 model.

Figure 3.11: Sensitivity of the maximum frequency to τF for the Ebers-Moll model
(left) and the 1p208 model (right). Reference values are: τF, ref = 0.685 ps for both
models and fm, ref = 42GHz for the Ebers-Moll model and fm, ref = 27GHz for the
1p208 model.
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Not only transistor parameters but also circuit parameters can influence the maxi-
mum input frequency. In the following the sensitivity of fm to the bias current I0

and to the length of the feedback path in the circuit is discussed.

Sensitivity of fm to I0

The sensitivity of fm to I0 is shown in Figure 3.13. It is important to mention
that when I0 is varied the values of the collector load resistors RC are modified
accordingly in order to keep the logic swing constant. For both transistor models a
maximum of fm is reached at about 18 mA. The increase of fm might be explained
as follows: RC is a component in the time constant that dominates the performance
of the frequency divider. Therefore, smaller RC which are possible using higher I0

result in higher fm. In addition, a higher I0 allows to charge CBC faster.
As we have just seen, for the 1p208 model the optimal bias current I0 is about

18 mA whereas the optimal current for a peak fmax is approximately 10 mA. Similar
results can be found in [3] and [13]. Again, this indicates that reaching a high fmax

or ft is not the most important goal for achieving high-speed digital circuits.

Sensitivity of fm to the length of the feedback path

Another element that can be crucial for high-speed performance is the length of
the transmission lines connecting different parts of the circuit. In the case of the
1/2 frequency divider mainly the feedback path connecting the output of the slave
flip-flop back to the input of the master flip-flop is important. This connection
is modeled using simple lossless LC-models described in Appendix A. Figure 3.14
shows the sensitivity of the maximum input frequency to the length of the feedback
path. The importance of the transmission line length to the overall performance of
the frequency divider is not as high as the importance of CBC but it is often the
easiest way to increase the maximum input frequency. For the 1p208 model the sen-
sitivity is positive around l = 350µm. This means that increasing the transmission
line by a few micrometer result in as slightly higher fm. This might be the result
of some resonance effect. However, generally shorter transmission line lengths are
advantageous.

3.4 Trade-offs

When a process is changed in order to improve one transistor parameter value often
another value is getting worse. An example is an increased base width. This results
in and smaller RBB′ which is desirable, but it also produces higher a transit time
τF which degrades frequency divider performance. In such cases a good trade-
off has to be found. In this section we cover three trade-offs by calculating the
sensitivity of the maximum input frequency fm to simultaneous variations of two
parameters. Apart from the second parameter that is varied the simulations are
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Figure 3.12: Sensitivity of the maximum frequency to βF for the Ebers-Moll
model. Reference values are: βF, ref = 110 and fm, ref = 42GHz.

Figure 3.13: Sensitivity of the maximum frequency to I0 for the Ebers-Moll model
(left) and the 1p208 model (right). Reference values are: I0, ref = 10mA for both
models and fm, ref = 42GHz for the Ebers-Moll model and fm, ref = 27GHz for the
1p208 model.
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Figure 3.14: Sensitivity of the maximum frequency to the length of the feedback
path for the Ebers-Moll model (left) and the 1p208 model (right). Reference values
are: lref = 250µm for both models and fm, ref = 33GHz for the Ebers-Moll model
and fm, ref = 20GHz for the 1p208 model.

based on the procedure described in Section 3.3. All trade-off simulations are based
on the Ebers-Moll transistor model.

Figure 3.15 shows the sensitivity of fm to both CBC and RBB′ . This represents
the trade-off for lateral scaling of the transistor. Making the transistor smaller
decreases CBC but increases RBB′ . It can be stated that the sensitivity of fm

increases for both small CBC and small RBB′ .
Figure 3.16 shows the sensitivity of fm to variations of τF and RBB′ . A trade-

off between these two parameters has to be found when changing the base width.
Larger base widths result in lower RBB′ but also in higher transit times τF . As we
have already seen from the results in Section 3.3 the sensitivity of fm to RBB′ is
higher than that to τF . Therefore, it is more important to reduce RBB′ than to
reduce τF .

The sensitivity of fm to variations of τf and CBC is shown in Figure 3.17. Note
that the sensitivity of fm to both parameters is small if CBC larger than 40 fF.
A trade-off between a low τF and a low CBC has to be found when varying the
collector width. Larger collector widths result in higher transit times τF and in
lower CBC .

3.5 Towards 100Gb/s and 160Gb/s

For the assessment of possible data rates with a next step in technology development
we have started with a set of limits (see Table 3.4) for the transistor parameters
of the Ebers-Moll model described in Section 3.1.1. These limits are estimations
of what might be possible for next generation InP HBTs. We have performed
the following analysis for each parameter separately: the value of the respective
parameter is enlarged (or decreased in case of βF ) starting at the limit. At each
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Figure 3.15: Sensitivity of the maximum frequency to CBC and RBB′ . Reference
values are: CBC, ref = 34.1 fF, RBB′, ref = 38.7 Ω and fm, ref = 42GHz.
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Figure 3.16: Sensitivity of the maximum frequency to τF and RBB′ . Reference
values are: τF, ref = 685 fs, RBB′, ref = 38.7 Ω and fm, ref = 42GHz.
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Figure 3.17: Sensitivity of the maximum frequency to CBC and τF . Reference
values are: CBC, ref = 34.1 fF, τF, ref = 685 fs and fm, ref = 42GHz.
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step a transient analysis verifies if the frequency divider is still functional at an
input frequency of 50GHz (=̂100 Gb/s) and at 80 GHz (=̂160Gb/s). Transmission
lines of three different lengths are modeled in the circuits:

• 250 µm transmission line, split in 150 µm for the feedback path and 100 µm
for the connection between the master and the slave flip-flop. This is approx-
imately the transmission line length in the current design.

• 150 µm transmission line, split in 100µm for the feedback path and 50 µm for
the connection between the master and the slave flip-flop. This is a probable
value that could result from scaling the transistor laterally.

• No transmission line.

The bias current I0 is set to 10 mA and the load resistors RC are 25 Ω each.
Table 3.5 shows the maximal values (minimal for βF ) for which the frequency

divider still functions at 100 Gb/s and Table 3.6 lists the same values for 160 Gb/s.
For all parameters except CBC the maximal values are the same regardless of

the transmission line lengths. The value for βF needs to be 10 or higher. This
constraint of βF is the same for 100Gb/s as well as for 160 Gb/s. The same fact
can be seen in the sensitivity analysis for βF (see Figures 3.12). CBC , τF and
RBB′ need to be significantly smaller for 160 Gb/s than for 100 Gb/s. The fact that
the constraints on REE′ are harder for smaller input frequencies is unexpected.
As explained in Section 3.3 higher REE′ significantly decreases the ability of the
frequency divider to handle low slew rate signals. Since these simulations are based
on sinusoidal input signals lower frequency means lower slew rate and therefore
harder constraints on REE′ .

When setting all parameter values to their limits and assuming a transmission
line length of 150 µm a maximum toggle rate of 302 Gb/s is reached. Since the
Ebers-Moll model as used for these simulation disregards several parasitic elements
this toggle rate is surely to optimistic. Comparisons of simulations using the 1p208
model to such using the Ebers-Moll model with similar parameter values point in
the direction of a factor of 1.6 by which these toggle rates would have to be reduced.
If all parameters reach the values listed in Table 3.4 a 160 Gb/s frequency divider
might be possible.

Further improvements of the maximum possible toggle rate could probably be
achieved by increasing I0. According to the simulations presented in Section 3.3 a
bias current of 18 mA would be optimal.
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Parameter Value
CBC > 5 fF
τF > 0.3 ps
RBB′ > 35 Ω
REE′ > 5 Ω
βF < 150

Table 3.4: Expected limits for transistor parameter values for the next technology
step.

Parameter l = 0 l = 150µm l = 250µm
CBC 32 fF 30 fF 26 fF
τF 1.87 ps 1.90 fs 1.90 fs
RBB′ 271 Ω 270 Ω 270 Ω
REE′ 11 Ω 12 Ω 12 Ω
βF 10 9 9

Table 3.5: Maximum values for each parameter for correct operation at 100 Gb/s
for three different lengths l of the transmission line.

Parameter l = 0 l = 150µm l = 250µm
CBC 18 fF 15 fF 11 fF
τF 1.08 ps 1.06 fs 1.00 fs
RBB′ 151 Ω 150 Ω 149 Ω
REE′ 14 Ω 15 Ω 16 Ω
βF 9 9 10

Table 3.6: Maximum values for each parameter for correct operation at 160 Gb/s
for three different lengths l of the transmission line.
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Circuit Design and Layout

In this chapter we describe the circuits we have designed: a 1/2 frequency divider, a
1/2 frequency divider with internal emitter followers and a 1/4 frequency divider. In
the first section we introduce subcircuits common to all three frequency dividers (see
Figure 4.1). Design and simulations of all circuits have been carried out using ADS.
For the layout of the circuits we have used Cadence’s Virtuoso-XL Layout Editor.
As mentioned in Chapter 2 we have used CML to implement the divider circuits.
All circuits are negative-biased, i.e. ground is the reference potential and the supply
voltage is negative. This prevents fluctuations in the supply voltage from disturbing
the signal paths in the upper parts of the circuits. The DC current sources in the
lower part of the circuits decouple the logic signals and the supply voltage. All
signals are differentially routed. A supply voltage of VEE = −5 V has been chosen
for all circuits and all transistors are biased with a current of I0 = 10mA. According
to Section 3.3 a higher I0 might improve high-speed performance of the frequency
divider.

4.1 Subcircuits

4.1.1 Current Sources

The most simple way of implementing a current source is to use a single resistor
which is large enough to approximate the infinite source resistance of the current
source. However, a superior sort of current source is the so called current mirror

Figure 4.1: Block diagram of the complete frequency divider circuit. The blue box
represents either one of the three frequency dividers.
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Figure 4.2: Current mirror circuit for the master and the slave latch.

depicted in Figure 4.2. We have used this type of current source for our frequency
divider circuits because it is less sensitive to variations of power supply and temper-
ature than a single resistor. Furthermore, its current can be adjusted by the control
voltage VCS1. A detailed analysis of current mirrors can be found in Appendix D.
The single current mirror of Figure 4.2 can be extended to a multistage current
source as shown in Figure 4.3. All of the sequential branches draw an equal current
I0 since the corresponding transistors are all biased with the same base-emitter
voltage. This configuration has been used for the multiple current sources needed
in the 1/4 frequency divider circuit.

Figure 4.3: Multiple current mirrors for the 1/4 frequency divider.
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4.1.2 Input Buffer

To match the input impedance of the circuit to 50 Ω and for level shifting purposes
an input buffer is necessary. We have used the circuit depicted in Figure 4.4. To
simplify the measurement setup the input signal can be fed in single-ended, i.e.
input IN is unused and is externally connected to ground via a DC-block capacitor
and a resistor of 50Ω. This input can be used as reference input. Both input termi-
nals IN and IN are internally connected to ground via a 50 Ω resistor which results
in a simple broadband 50Ω-termination. Emitter followers are often cascaded be-
cause the capability of a single emitter follower to act as an impedance transformer
(see Appendix B) degrades at high frequencies.

The level shifters are indispensable for the frequency divider circuit. They
avoid saturation of the differential pairs by shifting the input signal level before
connecting the signal to the input terminals of the clock pair. For the biasing of
the level shifters resistors are used instead of current mirrors. To bias each of the
four emitter followers at current of 10mA the values for the emitter resistors are
set as follows: RE1 = 350 Ω and RE2 = 250Ω. The input signal is externally AC
coupled setting the mean DC value to zero.

4.1.3 Output Buffer

A simple way of matching the circuit output to 50 Ω is the use of a differential
pair with collector-load resistors of 50Ω. This configuration is used in the output
buffer shown in Figure 4.5. Two pairs of transistors Q1–Q3 and Q2–Q4 serve as
level shifters for the subsequent differential pair. The voltage level of the input
signal is shifted by 2VBE,on ≈ 2 V. Replacing the diode connected transistors Q3

and Q4 with a second emitter follower is not advisable. Simulations have shown
that a cascade of two emitter followers tends to ring if its input lead lengths exceed
approximately 200 µm (cf. [9]). For this reason we have used single emitter followers
for the output buffer. To bias the level shifters with a current of 10mA RE is set
to 300Ω. The output signal OUT can be measured single-ended. The inverted
output signal OUT can either be used for additional measurements (see Chapter 5)
or it can be externally connected to ground via a 50Ω-Termination. Therefore,
only half the logic swing is measured at the output. The current source has been
implemented as previously mentioned. A second control voltage VCS2 = −0.5 V is
used to bias the differential pair in order to adjust the output swing independently
from the internal logic swing of the frequency divider. Again, RCS and RD are set
to 300 Ω and 50 Ω, respectively.

4.2 1/2 Frequency Divider

4.2.1 Design and Simulations

The 1/2 frequency divider circuit consists of the T-type flip-flop configuration dis-
cussed in Chapter 2, an input buffer and an output buffer. One of the major design
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Figure 4.4: Input buffer for the frequency divider circuits.
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Figure 4.5: Output buffer for the 1/2 frequency divider and the 1/4 frequency
divider.
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Figure 4.6: Core of the 1/2 frequency divider layout.

parameters for the T-type flip-flop is the collector-load resistor RC . A good choice
of the values for RC is crucial to the performance of a high-speed divider circuit.
The speed of the circuit is strongly influenced by RC and the base-collector junc-
tion capacities of transistors Q1M–Q4M and Q1S–Q4S (see Figure 2.9). As seen in
Section 3.3, a small RC is favorable for high-speed operation. But since a reduction
of RC also reduces the logic swing there is a a lower bound to RC . Simulations
have yielded an optimal value of 25Ω for RC . The current sources I0M and I0S

have been implemented as previously described. The following values result in
I0M = I0S = 10mA: RD = 50Ω, RCS = 300Ω and VCS1 = −0.5 V.

4.2.2 Layout

The main goal for the layout of the circuits was to keep the feedback connections as
short as possible. Figure 4.6 shows a clipping of the divider layout. Only the core
of the circuit with the master latch (lower transistors) and the slave latch (upper
transistors) is depicted. For a detailed view of all layouts see Appendix E. This
configuration where master and slave latch are rotated against each other results
in short feedback paths. In a differential circuit signals are guided by a pair of
transmission lines. In order to minimize the difference of the signal propagation
delays both transmission lines must have the same length. In addition, it is generally
advantageous to avoid crossings of signal paths. Two such crossings are indicated
(green boxes) in Figure 4.6. The input signal lines (blue) cross the output signal
lines (grey). Simulations have shown that these crossings have no impact on the
output signal. Several of the transmission lines, as e.g. the feedback connections,
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Figure 4.7: Schematic of the 1/2 frequency divider with internal emitter followers.

have been simulated using the transmission line model described in Appendix A.
The maximum input frequency fm of the 1/2 frequency divider including those
transmission lines turned out to be 30 GHz (=̂60 Gb/s) approximately.

The whole layout of the 1/2 frequency divider incorporates 30 DHBTs on a
total wafer area of 1000 µm× 788 µm. The core circuit is concentrated on an area
of 410µm× 350 µm. The total power consumption is approximately 450 mW. From
these values we can estimate the heating of the circuit:

∆ϑ =
P · d
C ·A

≈ 17 K (4.1)

where ∆ϑ is the temperature increase, P is the power consumption, d is the wafer
thickness (375 µm), C is the temperature coefficient (0.68 W

cm·K for InP) and A is the
effective circuit area. Hence, the absolute junction temperature ϑJ of the transistors
is

ϑJ = ϑRT + ∆ϑ = 307K (4.2)

where ϑRT is the room temperature (290 K).

4.3 1/2 Frequency Divider with Internal Emitter
Followers

One potential problem of the 1/2 frequency divider presented in Section 4.2 is the
following: alternately the base collector voltages of the transistors in the latch pair
(Q3 and Q4 in Figure 2.7) assume positive values during half a clock cycle. The
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respective transistor is in saturation. This could result in unwanted charging times
which reduce the high-speed performance of the frequency divider. In order to
test this assumption we have implemented a variant of the simple 1/2 frequency
divider. Emitter followers are inserted between the track pair and the latch pair.
Figure 4.7 shows the schematic of the modified frequency divider with the emitter
followers labeled Q3 and Q4. They shift the voltage level by VBE, on (approximately
1 V) which is larger than the logic swing of 250 mV resulting from I0 = 10mA and
RC = 25Ω. The level shifters therefore keep the base-collector voltages of both
transistors (Q3 and Q4) strictly negative. Both transistor are thus operated in the
forward active region.

This circuit uses the input buffer and current sources described in Section 4.1.
The output buffer only consists of the differential pair. The level shifters are not
required because the output signal is gripped at the emitter nodes of the internal
emitter followers.

The layout is similar to the one of the basic 1/2 frequency divider. The ad-
ditional level shifters are placed in the center of the circuit (cf. Appendix E).
Simulations of the circuit including the most important transmission lines pre-
dict a maximum input frequency of 33 GHz (=̂66Gb/s). The whole layout uses a
wafer area of 787 µm× 1000 µm, whereas the circuit is concentrated on an area of
380 µm× 380 µm. The total power consumption is 348 mW. Using Equation 4.1
results in ∆ϑ = 13K. For the transistors of the 1/2 frequency divider with internal
emitter followers this yields an absolute junction temperature ϑJ of 303 K.

4.4 1/4 Frequency Divider

4.4.1 Design and Simulations

In Chapter 2 we mentioned that any frequency divider for a division ratio of 1/2N

can be formed by connecting N 1/2 frequency dividers in series. Thus, for a 1/4
frequency divider we connect a second frequency divider at the output of a 1/2
frequency divider. However, these two frequency dividers must not be connected
directly. Instead, a level shifting circuit as shown in Figure 4.8 is inserted between
the frequency dividers. This circuit insures that the clock pair of the master latch
is driven at a proper voltage level. RE1 and RE2 are set to 300Ω and 200 Ω,
respectively. The 1/4 frequency divider uses the same input and output buffers
as the previously described 1/2 frequency dividers. Simulations with inclusion of
the most important transmission lines predicted a maximum input frequency fm

of 30 GHz (=̂60Gb/s). This result is perfectly consistent with the maximum input
frequency of the basic 1/2 frequency divider (cf. Section 4.2). Totally 49 transistors
have been used for the design of the 1/4 frequency divider. The whole layout uses
a wafer area of 1120 µm× 1000 µm, whereas the circuit is concentrated on an area
of 590 µm× 350 µm. The total power consumption is 719 mW. Using Equation 4.1
results in ∆ϑ = 19 K. The absolute junction temperature ϑJ of the transistors is
309 K for the 1/4 frequency divider.
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Figure 4.8: Intermediate level shifter for the 1/4 frequency divider.



Chapter 5

Measurement Setup

As already mentioned in the preface our circuits could not be measured due to
delays in the processing. Therefore, this chapter may serve as a future manual for
the measurements of the circuits.

Using a frequency divider as technology benchmark requires the measurement
of its maximum toggle rate. Additionaly it is useful to demonstrate the speed-
power trade-off by measuring the minimum input signal power assuring correct
operation at different frequencies [13]. Measurement of the maximum toggle rate of
the dividers is straightforward. It can be achieved by sweeping the input frequency.
Both time domain signal and frequency spectrum at the output of the circuits are
measured to verify correct operation.

The measurement setup is the same for the 1/2 frequency dividers as well as for
the 1/4 frequency divider. Figure 5.1 is a sketch of the measurement setup. The
HP 83650L RF generator produces a sinusoidal input signal for the device under
test (DUT). If needed this signal can be amplified and is AC coupled to the DUT.
The signal is applied at 0 V DC bias. No bias-T is needed. The signal is applied
single-ended to the DUT, i.e. IN is connected to ground via an external resistor
of 50Ω. Three different supply voltages for VEE, VCS1 and VCS2 are necessary
for all circuits. The time domain output signals of the circuits are measured with
a Tektronix 11801B digital sampling oscilloscope (DSO). The DSO is triggered by
another RF generator (HP 83752A). This RF generator produces a 1GHz signal,
which is applied to the trigger input of the DSO, to perform measurements in steps
of 1 GHz. In addition, the spectrum of the output signal can be measured with the
HP 8565E spectrum analyzer.

Figures 5.2–5.4 illustrate the allocation of the pads of the divider circuits. The
connection scheme for the circuits with the external measurement setup is summa-
rized in Table 5.1. In Table 5.2 the total bias currents are listed for all frequency
divider circuits.
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Figure 5.1: Measurement setup for the 1/2 and 1/4 frequency dividers.

Figure 5.2: Pad numbering for the 1/2 frequency divider.
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Figure 5.3: Pad numbering for the 1/2 frequency divider with internal emitter
followers.

Pad Name Description Value
A1 VEE Supply voltage -5 V
A2 GND Ground 0 V
A3 IN Single-ended input signal (peak-to-peak voltage) 400 mV
A4 GND Ground 0 V
A5 IN Termination to GND 50 Ω
A6 GND Ground 0 V
A7 VCS1 Control voltage for latch current sources -0.5 V
B1 VCS2 Control voltage for the output buffer current source -0.5 V
B2 GND Ground 0 V
B3 OUT Single-ended output signal
B4 GND Ground 0 V
B5 OUT Single-ended output signal
B6 GND Ground 0 V
B7 VEE Supply voltage -5 V

Table 5.1: Pad allocation for all frequency dividers.
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Figure 5.4: Pad numbering for the 1/4 frequency divider.

Voltage I1 [mA] I2 [mA] I3 [mA]
VEE 86.9 66.5 138.6
VCS1 20.4 20.4 40.8
VCS2 10.2 10.2 10.2

Table 5.2: Total currents at supply pads. I1 is the sum of currents for the 1/2
frequency divider, I2 is the sum of currents for the 1/2 frequency divider with
internal emitter followers and I3 is the sum of currents for the 1/4 frequency divider.
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Conclusions

6.1 Fundamental Results

We have designed and implemented a 1/2 frequency divider in InP-DHBT technol-
ogy. Additionally we have implemented a 1/4 frequency divider in order to simplify
the measurement and the evaluation of the output signal. A variant of the plain
1/2 frequency divider has also been implemented. This circuit uses internal emitter
followers between the track pair and the latch pair. Those emitter followers avoid
saturation of the transistors in the latch pair. According to the simulations this
concept increases the maximum toggle rate from 60 Gb/s to 66Gb/s.

In order to find directions for future transistor improvements we have analyzed
the sensitivity of the maximum toggle rate to several transistor and circuit param-
eters. These simulations have been performed employing a simple transistor model
which allows to investigate on the effects of changes in the transistor design.

The results of the sensitivity analysis clearly show that the base-collector ca-
pacitance CBC has to be the main concern when optimizing the transistor design
for frequency dividers. The second most important parameter is the base access
resistance RBB′ which should be minimized as well.

6.2 Future Perspectives

The next step after the fabrication of the circuits presented in this work is to perform
the proposed measurements. The results will then be compared to the simulations.

A second step is to modify the transistor design according to the considerations
in Section 3.3. These transistors will then be used to build the same frequency
divider circuits. The performance of those dividers can be compared to the results
of the sensitivity analysis. If the predicted behavior and the measurement results do
not coincide because of specific short comings of the transistor model the sensitivity
analysis can be carried out using an extended Ebers-Moll model incorporating these
missing elements.



Appendix A

Transmission Line Models

An equivalent model for transmission lines consisting of inductors and capacitors
can be generated by connecting equal segments, each modeling a small part of
the transmission line. For these basic segments several configurations are possible.
Three of them are shown in Figures A.1–A.3: An L-type segment consisting of one
inductor and one capacitor, a Π-type segment consisting of two equal capacitors
and one inductor and a T-type segment consisting of two equal inductors and one
capacitor. All models are lossless but could incorporate resistors for modeling losses
if necessary.

The values for L and C can easily be calculated form the characteristic impedance
Zw and the phase velocity vp of the transmission line:

vp =
1√
L′C ′

(A.1)

Zw =

√
L′

C ′ (A.2)

where L′ is the inductance per length and C ′ is the capacitance per length. Solving

Figure A.1: L-type
segment.

Figure A.2: Π-type seg-
ment.

Figure A.3: T-type segment.
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for L′ and C ′ results in:

L′ =
Zw

vp

C ′ =
1

vpZw

L and C are calculated by multiplying L′ and C ′ with the segment length x:

L =
xZw

vp
(A.3)

C =
x

vpZw
(A.4)

We determine the maximum segment length by comparing simulated Zw and
vp of a segment to the ideal transmission line with constant Zw and vp. For this
purpose scattering parameters of all three segment types are simulated. The seg-
ment length x is set to 100µm. L and C are based on Zw and vp extracted from
measurements of a typical transmission line in the InP technology employed in this
study. The scattering parameters are then transformed into chain parameters using
the following equations:

A =
(1 + S11)(1− S22) + S12S21

2S21
B =

(1 + S11)(1 + S22)− S12S21

2S21

C =
(1− S11)(1− S22)− S12S21

2S21Z0
D =

(1− S11)(1 + S22) + S12S21

2S21

The chain matrix of a transmission line is given in Equation (A.5).(
A B
C D

)
=

(
cosh(γx) Zw sinh(γx)
sinh(γx)

Zw
cosh(γx)

)
(A.5)

Assuming a lossless transmission line we obtain:

Zw =
B

sinh(acosh(A))
(A.6)

vp =
2Πfacosh(A)

jL
(A.7)

where f is the operating frequency.
For each segment type the dependencies of Zw and vp on the operation fre-

quency are shown in Figures A.4–A.6. Zw and vp are constant over a wide range of
frequencies . The deviation from this ideal behavior is caused by a resonance effect.
The resonant frequencies are given by:

fres =


1√
LC

for L-type segments
1√
LC
2

for Π- and T-type segments (A.8)
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Figure A.4: Zw and vp of a Π-type segment. Segment length x = 100µm.

Figure A.5: Zw and vp of a T-type segment. Segment length x = 100µm.
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Figure A.6: Zw and vp of an L-type segment. Segment length x = 100µm.

Considering the accuracy of the proposed models we find: For the Π-type and
the L-type segment Zw and vp at 1 GHz are exactly the same as the measured
values that were used to calculate L and C. For the L-type segment the simulated
Zw and vp at 1 GHz are both approximately 30% too low. This error is smaller for
shorter segments. The maximum segment length for L-type segments is therefore
determined by the error at low frequencies.

For Π-type and T-type segments the maximum segment length is determined
only by the difference between the resonant frequency and the operating frequency.
For example, the difference between Zw, vp of the Π-type segment of 100 µm and
the constant Zw, vp of the ideal transmission line is increasing for frequencies closer
to the resonance frequency. In the described simulations the error of Zw is smaller
than 10% for frequencies below 176 GHz and smaller than 1% below 56GHz. The
error of vp reaches 10% at 300GHz and 1% at 103 GHz. These frequencies are
inversely proportional to the segment length. Since the resonance frequency of a
segment does not change when connecting several segments the maximum segment
length is independent of the length of the modeled transmission line.

Compared to Π-type and T-type segments the segment length of L-type seg-
ments needs to be much smaller, which makes them unsuitable. However, for
infinitely small segment lengths all three models converge.

In Figure A.7 a lossless microstrip model is compared to a T-type and a Π-
type segment. Each element models a transmission line of width 4 µm and length
100 µm. Inductance and capacitance values for both LC-models are based on the
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Figure A.7: Comparison of a 4 µm×100 µm microstrip model in ADS with a Π-
type and a T-type model.

simulation off the mircostrip model in order to match Zw and vp at 10 GHz. The
curve for Zw for the microstrip model shows an increase towards higher frequencies.
This behavior is opposite to that of a T-type segment. Because of this we prefer the
Π-type model to the T-type model. For circuit simulations in this thesis a segment
length of 10 µm is chosen.



Appendix B

Emitter follower

Figure B.1 illustrates a simple emitter follower circuit. For the following calcu-
lations the small signal equivalent circuit of Figure B.2 has been used. In this
particular configuration the transistor is not unilateral and the output resistance
Rout depends on the source resistance RS .

Voltage Gain

Applying Kirchhoff’s law to the emitter node yields

vs − vout

RS + rπ
+ β0

(
vs − vout

RS + rπ

)
− vout

RL
= 0 (B.1)

Thus, the voltage gain becomes

vout

vs
=

1
1 + RS+rπ

(β0+1)RL

(B.2)

The voltage gain is close to unity if β0RL � (RS + rπ).

Figure B.1: Emitter follower circuit diagram.
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Figure B.2: Small signal equivalent circuit of the emitter follower.

Input Resistance

The input resistance Rin is calculated by placing a test current source iin at the
input terminal and calculating the resulting input voltage vin. The corresponding
equivalent circuit is illustrated in Figure B.3. We assume that the input resistance
of the subsequent circuit is infinite. The current flowing into load resistance RL is
given by

i0 = iin + β0iin (B.3)

For the input voltage vin we obtain

vin = iinrπ + RL (iin + β0iin) (B.4)

and thus
Rin =

vin

iin
= rπ + RL (β0 + 1) (B.5)

Output Resistance

For the calculation of the output resistance Rout the circuit of Figure B.4 is used.
A test voltage vout is applied to the output terminal and the resulting current iout

is calculated. The voltage vπ is given by

vπ = −vout

(
rπ

rπ + RS

)
(B.6)

Thus, the output current iout is

iout =
vout

rπ + RS
+ gmvout

(
rπ

rπ + RS

)
(B.7)

For the output resistance Rout we obtain

Rout =
vout

iout
=

rπ + RS

1 + β0
≈
(

1
gm

+
RS

1 + β0

)
(B.8)

The above calculations have shown that the emitter follower has high input impedance,
low output impedance and approximately unity voltage gain. The circuit is there-
fore often used as an impedance transformer. Furthermore it finds application as a
level shifter since the DC voltage at the output is shifted by VBE,on.
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Figure B.3: Circuit for calculation of the input resistance of the emitter follower.

Figure B.4: Circuit for calculation of the output resistance of the emitter follower.
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Differential pair

Figure C.1 illustrates the common differential pair. To simplify the mathematical
analysis we assume that the current source I0 has infinite output resistance, that
the base current of each transistor is negligible, and that the output resistance of
each transistor is infinite. Summing the voltages around the loop of the two input
voltages (Vi1 and Vi2) and the two base-emitter voltages (Vbe1 and Vbe2) we find
that

Vi1 − Vbe1 + Vbe2 − Vi2 = 0 (C.1)

Assuming Vbe1, Vbe2 � VT and Vbc1, Vbc2 � 0 the Ebers-Moll equations1 can be
written as

I1 = IS1 · exp
(

Vbe1

VT

)
(C.2)

I2 = IS2 · exp
(

Vbe2

VT

)
(C.3)

and thus

Vbe1 = VT · ln
(

I1

IS1

)
(C.4)

Vbe2 = VT · ln
(

I2

IS2

)
(C.5)

Given that IS1 = IS2 we can combine Equations (C.1), (C.4) and (C.5):

I1

I2
= exp

(
Vi1 − Vi2

VT

)
= exp

(
Vin

VT

)
(C.6)

Vin is the differential input voltage. Summation of the currents at the emitters
yields

I0 =
1

αF
(I1 + I2) ≈ I1 + I2 (C.7)

1see [2] for detailed information
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Figure C.1: Circuit diagram of the differential pair.

where αF is the forward current-gain. Combining Equations (C.6) and (C.7) we
can calculate I1 and I2:

I1 =
I0

1 + exp
(
−Vin

VT

) (C.8)

I2 =
I0

1 + exp
(

Vin
VT

) (C.9)

In Figure C.2 the collector currents I1 and I2 are plotted as a function of Vin. For
input voltages greater than several hundred millivolts, the collector currents become
independent of a further increase of Vin and I0 is flowing completely through either
transistor Q1 or Q2. The collector node voltages Vo1 and Vo2 are given by

Vo1 = VEE − I1RC (C.10)

Vo2 = VEE − I2RC (C.11)

Thus, the differential output voltage Vout can be computed from Equations (C.10)
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Figure C.2: Collector currents as a function of the differential input voltage.

and (C.11):

Vout = Vo2 − Vo1 = I0RC tanh
(

Vin

2VT

)
(C.12)

The resulting voltage transfer function is depicted in Figure C.3.
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Figure C.3: Transfer function of the differential pair.



Appendix D

Current mirror

For biasing purposes current mirrors as shown in Figure D.1 are often used. They
consist of two transistors Q1 and Q2 and a resistor RCS . The diode-connected
Transistor Q1 is permanently in the forward active region since the voltage at the
base-collector junction is set to zero. The base-emitter voltage of each transistor is
set to VBE,on. Assuming identical transistors the collector currents I1 and I2 must
be equal, since both transistors have the same base-emitter voltage. Kirchhoff’s
law applied to the collector of Q1 yields

IREF = I1 − IB1 − IB2 = I1 −
I1 + I2

βF
(D.1)

Using I1 = I2 we can calculate I2:

I2 =
IREF

1 + 2
βF

(D.2)

For large βF the above expression can be simplified:

I2 ≈ IREF =
VCS − VBE,on

RCS
(D.3)

Thus, for ideal transistors Q1 and Q2 the output current I2 and reference current
IREF are equal. I2 can now be adjusted by choosing an appropriate voltage VCS .
For large RCS the current mirror is less sensitive to variations of VCS and therefore
IREF and I2 can be controlled more accurately. However, a large RCS requires an
increase of VCS and thus power consumption increases as well.

Emitter Degeneration

In the previous calculations we assumed that the transistors have infinite output
resistance. This is not the case for real transistors. Because of the finite output
resistance the current I2 through transistor Q2 depends on its collector-emitter volt-
age. This behavior is not desired for a current source. A higher output resistance



61

Figure D.1: Current mirror circuit. Figure D.2: Current mirror with emitter
degeneration.

is preferred. This is achieved by the slightly modified circuit shown in Figure D.2.
Resistors RE have been inserted at the emitter nodes. This technique is commonly
referred to as emitter degeneration. Transistor Q2 of the output current source can
be viewed as a common-emitter configuration. Extensive calculations [2] for the
output resistance of such a circuit yield

R0 ≈ r0(1 + gmRE) (D.4)

where r0 is the differential output resistance and gm the transconductance of the
transistor. From Equation (D.4) we can see that even a small resistance RE can
significantly increase R0.

The current mirror with emitter degeneration also benefits from thermal stabi-
lization. Compared to the simple current mirror the emitter degenerated version
requires a slightly higher control voltage VCS to compensate for the voltage drop
across RE . Thus, Equation (D.3) is modified

I2 ≈
VCS − VBE,on

RCS + RE
(D.5)

Another advantage of the current mirror circuit is its capability of measuring the
current flow at the terminal of the control voltage VCS . Variations in I2, e.g. due
to process tolerances, can thus be adjusted by changing VCS .
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Layouts
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