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Abstract

Analog test buses facilitate the testing of analog components in integrated circuits through
dedicated test ports and switches. IEEE 1149.4 is the established analog test bus standard,
but has had limited adoption due to the low maximum measurement frequency of existing
implementations. A common approach to accurately measure high-frequency signals is to
use high-speed test equipment, such as vector network analyzers (VNA), which employ a
detailed calibration procedure. To extend the measurement bandwidth of an analog test
bus, this thesis proposes a buffer-based structure that uniquely applies the VNA calibra-
tion methodology to de-embed the effects of the test bus components. Calibration reference
resistors were integrated into the test bus constructed of voltage and current buffers that
characterize the systematic errors present. The proposed test bus structure was tested and
compared with the 1149.4 test bus using a discrete component PCB simulation and exper-
iment aimed at measuring a transimpedance amplifier (TIA). The simulation showed the
proposed test bus exactly measuring the TIA’s performance, while the 1149.4 test bus devi-
ated at higher frequencies. The experimentally measured results echoed the simulation, with
the proposed test bus more closely tracking the ideal performance while the 1149.4 test bus
became inaccurate. An additional simulation tested the performance of the proposed test
bus in a high-speed on-chip implementation with a BICMOS transistor-level design. The on-
chip simulation again showed that the proposed test bus successfully measured the TIA with
little error, even with induced process and mismatch variations. These results verified the
ability of the proposed test bus to characterize and extract high-frequency errors, extending

the measurement bandwidth.



Résumé

Les bus de test analogiques facilitent le test des composants analogiques dans les circuits
intégrés grace a des ports de test et des commutateurs dédiés. TEEE 1149.4 est la norme
de bus de test analogique établie, mais son utilisation a été limité en raison de la faible
fréquence de mesure maximale des implémentations existantes. Une approche courante pour
mesurer avec précision les signaux a haute fréquence consiste a utiliser des équipements de
test & haute vitesse, tels que les analyseurs de réseaux vectoriels (VNA), qui emploient une
procédure d’étalonnage détaillée. Afin d’étendre la largeur de bande de mesure d’un bus
de test analogique, cette these propose une structure basée sur un tampon qui applique
de maniere unique la méthodologie d’étalonnage des VNA afin de supprimer les effets des
composants du bus de test. Des résistances de référence pour 1’étalonnage ont été intégrées
dans le bus de test constitué de tampons de tension et de courant qui caractérisent les erreurs
systématiques présentes. La structure du bus d’essai proposé a été testée et comparée au
bus d’essai 1149.4 a l'aide d’une simulation de circuit imprimé a composants discrets et
d’une expérience visant a mesurer un amplificateur a transimpédance (TIA). La simulation
a montré que le bus d’essai proposé mesurait exactement les performances de I’amplificateur
de transimpédance, alors que le bus d’essai 1149.4 s’en écartait a des fréquences plus élevées.
Les résultats des mesures expérimentales ont fait écho a la simulation, le bus d’essai proposé
se rapprochant davantage des performances idéales, tandis que le bus d’essai 1149.4 devenait
imprécis. Une simulation supplémentaire a testé les performances du bus de test proposé dans
une implémentation sur puce a grande vitesse avec une conception au niveau des transistors
BiCMOS. La simulation sur puce a de nouveau montré que le bus de test proposé mesurait
avec succes le TIA avec peu d’erreur, malgré les variations induites de processus et de
désadaptation. Ces résultats ont vérifié la capacité du bus de test proposé a caractériser et

a extraire les erreurs a haute fréquence, en élargissant la bande passante de mesure.
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Chapter 1

Introduction

1.1 Motivation

Testing is a critical step of the integrated circuit manufacturing process. Before a chip
can be sent to a customer, it must be thoroughly tested to ensure that it behaves as expected
and meets its specifications. An individual die is first tested while it is still part of the wafer
and again after it is diced and packaged. Automated Test Equipment (ATE) is used to hold
the chip/wafer, interface with the pins/pads, and conduct an extensive sequence of tests.

In the volumes and complexity associated with semiconductor manufacturing, testing can
represent a significant proportion of manufacturing cost. The test systems are complicated
and require a large engineering effort in their own right to effectively test a chip. ATE testers
are an expensive and limited resource where it is best to maximize their throughput. The
testing time of an individual chip is an important metric that directly influences its cost.
Therefore, it is now standard practice to design the chip with knowledge of how it will be
tested and to add circuitry to improve test time, accuracy, and coverage [1].

Digital IC test strategies are a mature field compared to their analog and mixed-signal
counterparts. Analog and mixed-signal testing is orders of magnitude more complex and

costly due to the difficulty in accessing, accurately measuring, and collecting all the rele-



vant performance parameters. This cost is again multiplied as the analog and mixed-signal
systems increase in speed. Circuits that operate in the RF and millimeter wave (mmWave)
frequency ranges require expensive and carefully configured equipment to test accurately.

Testing and validation are the key components of manufacturing high-frequency chips.
Quite a lot of quality research is being conducted to create better analog circuits that will
ultimately improve the speed, cost, and reliability of critical communication systems used in
the world today. New technologies do not mean anything if they cannot be tested economi-
cally in a production environment.

The standard analog test strategy is to simply use the ATE tester and its connection to
the chip’s ports to measure the analog components. This limits the number of ports to only
the final inputs and outputs of the chip. These ports can give a good view of the overall
performance but lack insight into individual components. That is, unless an internal node is
given a dedicated test port for the purpose of expanding the test abilities. The availability
and number of ports are typically tightly controlled, so many dedicated test ports are not
feasible.

Design-for-Test (DfT) and Built-In Self-Test (BIST) strategies include dedicated on-chip
test circuitry to facilitate better analog testing. Many different types of DfT and BIST exist
to best suit their application and goal. The advantages of these strategies include lowering
the test cost, increased fault coverage, diagnostics and characterization, and system-level
diagnostics [1]. Some of the general types of DfT include analog test buses with switches,
loopback modes, on-chip sampling, and DC to RF performance correlation [1].

DIT and BIST tend to be very application specific, with every class of analog circuit
having unique implementations of test circuits. There is also a trade-off between the test
circuitry and the silicon area. Ideally, one wants to enable test functionality in the least
amount of area possible. DfT and BIST are also less accurate compared to the equivalent
measurement made with external equipment. Test equipment uses the fastest and most

accurate version of the measurement hardware because it is not limited by space. They also



have traceability to established standards so that measurements are known to be accurate.

Analog test buses are a DT strategy that is an extension of the popular digital test
bus scan chain. Through a standardized test port, test equipment can interface with the
IC and different test signals are sent to different parts of the IC through a series of analog
switches (transmission gates). Analog test buses are a general structure that can be used
in many different applications. IEEE 1149.4 [2] is the established analog test bus standard
that defines the test bus interface and topology. The major limitation of analog test buses
is the maximum measurement frequency, which has prevented its use in RF and mmWave
applications. The poor high-frequency measurement is the result of significant parasitic
capacitance on the test bus due to the amount and size of the analog switches.

RF and mmWave circuits are typically characterized using high-quality test equipment
such as a Vector Network Analyzer (VNA). A major reason VNAs can accurately measure
high-frequency signals is because of their calibration procedure. Systematic errors caused by
defects and parasitic elements in the equipment’s cables and probes corrupt the signal. By
measuring calibration references, which are circuits with known behavior, the VNA can char-
acterize the errors. Then after measurement of the device under test (DUT), the true DUT
performance can be de-embedded from the errors, resulting in an accurate measurement.

Combining the high-frequency measurement capabilities of a VNA with an analog test
bus would expand its maximum test frequency and make the test bus strategy viable in new
applications. Continuing to use the high-quality external VNA would keep the measurements
accurate and traceable. The calibration references could be integrated within the test bus
on-chip to extract errors caused by the test bus itself. Therefore, allowing the effects of
the test bus to be de-embedded from DUT measurements giving accurate results across the

bandwidth of the DUT.



1.2 Research Goals

This thesis proposes a high-frequency wide-bandwidth analog test bus structure that uses
VNA-style calibration to improve the test and validation of an IC’s high-frequency analog
components. The components of the test bus are evaluated and optimized to increase their
maximum operating frequency. VNA-style calibration references are integrated into the test
bus to allow for extraction of the test bus systematic errors. Multiple test bus structures are
considered to create strong signal paths.

The VNA calibration procedure is adapted and expanded to be compatible with the test
bus. Unique calibration references are created that can be integrated on-chip with the test
bus. The calibration algorithm is altered with a 4-port to 2-port conversion and unique
calibration references. Common problems that affect VNA calibration are evaluated in the
test bus context.

A discrete component PCB experiment of the test bus structure is constructed and mea-
sured to compare its performance with the prior art. Multiple simulations are presented to

demonstrate ideal performance and challenges in integrating the test bus in an IC.

1.3 Structure of Thesis

The remainder of this thesis is organized as follows.

Chapter 2 contains a review of the literature on key topics related to the analog test bus
and VNA calibration. The chapter begins by analyzing the established IEEE 1149.4 analog
test bus, its published implementations, and its high-frequency measurement limitations.
Then background on VNA measurements and scattering parameters (S-parameters) is given
to provide context for the next section on VNA calibration. A step-by-step derivation of
the calibration procedure used in this thesis is given. Next, an in-depth review of VNA

calibration references is presented, including on-chip and electronic calibration references.



Chapter 3 presents the design of the proposed analog test bus topology and its important
structural requirements. The proposed analog test bus design is described in detail while
providing context for the decisions. A 4-port and 2-port version of the test bus are presented,
and the structural differences between them and the IEEE 1149.4 test bus are compared. An
example simulation is used to show the performance difference between ideal low-frequency
measurements and high-frequency measurements with errors.

Chapter 4 documents the details of the calibration algorithm that are unique to the
proposed test buses. First, how S-parameters are converted to circuit parameters, such as
voltage or current gain, is recorded as background information. Then the 4-port to 2-port
conversion required to use the 4-port test bus is derived using a signal flow diagram. The
proposed calibration references are created using load resistors that can be characterized with
a low-frequency measurement. The 2-port test bus needs a specific requirement with respect
to the buffers in order to enable calibration. An example simulation is used to highlight the
theoretical performance and difference compared to the IEEE 1149.4 test bus.

Chapter 5 presents the main experiment of the thesis in which the proposed 4-port test
bus is built on a PCB using discrete components. An IEEE 1149.4 test bus PCB is also
constructed out of the exact same components to provide a comparison of their structure
and calibration ability. The DUT for both test buses is a transimpedance amplifier (TIA)
circuit where the goal is to accurately measure the transimpedance at all frequencies.

Chapter 6 investigates the challenges in applying the proposed test bus to a high-
frequency IC application. The proposed 4-port and 2-port test buses are implemented in
a high-speed BiICMOS process. Special design decisions are required to create buffers with
power on/off ability and calibration references that integrate into the test buses. The pro-
posed test buses are simulated and compared against an 1149.4 implementation using a
Monte Carlo simulation to induce mismatch variations.

Chapter 7 summarizes the key results of the thesis and ends with recommendations for

future work.



Chapter 2

Literature Review

There are many works in the literature that report on the performance of existing analog
test buses. VNA calibration is an even more extensive field with many different approaches
catering to a multitude of applications. This chapter begins by analyzing the currently
published work on the IEEE 1149.4 analog test buses. The gain calibration of the 1149.4
test bus is presented, and the high-frequency performance limitations are closely inspected.
The general background on VNA measurements and S-parameters is then given before going
into detail on the VNA calibration algorithm. An extensive review of VNA calibration

references is documented, going into specific detail with on-chip and electronic calibration.

2.1 Digital Test Bus

Digital test buses and scan chains have become a common approach to testing digital
components. The idea of a digital test bus is to provide a mechanism to apply arbitrary bit
sequences to a digital block and read the resulting bits. The test bits are applied through a
dedicated test port on the IC and moved around the chip through the use of a scan chain.
This common testing infrastructure can test any digital block connected to the scan chain.
The digital test bus eliminates the need to probe and connect individually to each input and

output of a digital block to test it.



IEEE 1149.1 [2] defines the standard for creating a test access port and a boundary-scan
architecture. The standard focuses on creating a boundary scan which places the scan chain
at the perimeter of a chip between its pins and internal circuitry. This facilitates the testing
of the interconnections between two ICs on the same PCB. The boundary scan can also be
used to test the internals of the IC.

Other digital test bus implementations can create a more complete scan of the internal
digital components and not just the boundary by routing the scan to smaller internal blocks.

This more fine-grained approach gives greater insight into the chip.

2.2 Analog Test Bus

IEEE 1149.4 [3] is the mixed-signal extension to IEEE 1149.1 to add support for analog
testing. The purpose of the standard is to provide a structure for analog interconnect,
parametric, and internal tests. To accomplish this, 1149.4 uses switches to connect the
DUT, test buses, and test ports along with the digital scan chain and interconnect test.

Fig. 2.1 shows the high-level 1149.4 extension, which includes new analog test infrastruc-
ture and a normal digital test bus. AT1 and AT2 are the analog test ports that interface the
outside test equipment to the chip. The Test Bus Interface Circuit connects the test ports to
the internal analog test buses (AB1 and AB2) with switches and supports basic calibration.
Connected to the analog test buses are the Analog Boundary Modules (ABM) which connect
the test buses to the DUT and contain interconnect test circuitry. The normal 1149.1 blocks
include the Test Control Block with the digital test ports (TDI and TDO) and the boundary
scan chain that traverses the Test Bus Interface Circuit, ABMs, and digital scan blocks.

The focus of this thesis is on the internal DUT test performance of the test bus. Fig. 2.2
shows a simplified 1149.4 schematic of only the analog signal paths and components used
to test an internal DUT. The two primary components of the test bus are the current and

voltage buffers that act as switches to connect the ports and buses to the DUT. Important
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Figure 2.1: High-level diagram of IEEE 1149.1 with the mixed-signal extension IEEE
1149.4 [2, 3].

to note is the fact that 1149.4 does not specify how the switches are implemented. In most
cases using a CMOS process, transmission gates would be used. Alternatively, in a bipolar
process, 1149.4 suggests using buffers because of the lack of transmission gates. In some
cases, the switches are conceptual and can be implemented in more creative ways, such as

cutting off power to circuit blocks.

2.2.1 High-Frequency Performance

A major limitation of 1149.4 is its maximum operating frequency. Technically, the stan-

dard does not specify a maximum operating frequency, but the reported bandwidths have



been limited. Hannu et al. [4] identified the lack of support for RF testing as one of the
reasons why adoption of 1149.4 is slow. The 1149.4 test bus can simply only measure DC or
low-frequency signals.

This low bandwidth is the result of large series resistance and shunt capacitance of the
switches and bus [5, 6]. Test bus switches implemented using CMOS transmission gates
can have significant series resistance depending on the size of transistors used. Parker [7]
provides some basic specifications for the test bus, saying that the total series resistance
from the test port to the DUT should be less than 10 k(2. Sunter et al. [6] gives an example
resistance of 1 k€2 and a total capacitance on and off the chip of 100 pF. This example
says a voltage source could be monitored with a bandwidth of 1.6 MHz. The alternative
1149.4 implementation uses buffers instead of switches, which reduces the series resistance
and generally allows for higher operating frequency. Sunter et al. [6] presents a 1149.4 design
using buffers that improved the measurement frequency to 30 MHz.

Evidently from the above examples, using the 1149.4 test bus to conduct high-frequency
signals in RF applications is not feasible. A different approach combining RF circuits and
1149.4 commonly found in the literature involves using 1149.4 to relay information at DC or
low frequencies. Shrivastava and Banerjee [8] present an analog probe that interfaces with
1149.4 with the sole purpose of reading the DC voltages of the internal analog components.
They position this work saying that improvements have been made in predicting RF perfor-
mance with only DC voltages. Similarly, Zivkovic et al. [9] present an analog test bus design
that measures DC voltages inside a CMOS transceiver. The design provides information on
power and ground voltage, band-gap references and other biasing, and the DC component
of signals.

Alternatively, the test bus can be used to send information about RF signals. Syri et
al. [10] use RF power detectors to convert the RF signal strength to a DC voltage that is
then read through an analog test bus. They also briefly present a frequency detector that

produces a DC voltage proportional to the signal frequency. Hakkinen et al. [11] converts
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Figure 2.2: Schematic of the IEEE 1149.4 analog test bus structure constructed with
voltage and current buffers for an internal DUT measurement [3].

Y

the RF signal to a sufficiently low frequency using frequency mixing and sub-sampling to
send it out on the test bus.

These existing RF analog test bus approaches are incomplete and are only necessitated by
the fact that a typical analog test bus cannot support high frequencies. Measurement of many
DC voltages inside an analog component has the advantage of proving some information
about the circuit’s functionality. These low impact test points can also be placed in many
locations. DC voltages do not prove the RF performance. It is an indirect measurement
that can only predict performance. Adding additional circuitry to detect the RF power
or convert the signal to low-frequency adds complexity and cost. Ideally, an analog test
bus would be capable of performing accurate direct measurements through a simple and

standardized structure.
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2.2.2 Gain Calibration

1149.4 provides a simple way to calibrate for non-ideal gain from the ports, bus, and
switches/buffers. This is done by providing two additional calibration paths off the test bus
to directly measure the calibration path gain. Referencing Fig. 2.2 again, I, and V, are
the buffers that perform calibration by connecting directly to the opposite test port. To
characterize the current buffers, only I; and I, are enabled, and the current gain is measured
across the test ports. Similarly, to characterize the voltage buffers, only V; and V, are
enabled, and the voltage gain is measured across the test ports. Using the measured buffer
gains, their effects can be de-embedded from the DUT measurement.

A block diagram representation of 1149.4 measuring a transimpedance DUT is shown
in Fig. 2.3 and consists of three different transfer function blocks. The current and voltage

buffer gain, A;(s) and Ay (s), are measured by the dedicated calibration paths

]cal,out (S)
Ical,in (S)

‘/cal,out (S)

AI(S) - ‘/cal,in(s)

where 1.4 (s) is the input current, I.q o () is the output current, Veq i, () is the input volt-
age, and Viu_out(s) is the output voltage. Similarly, the test bus measured transimpedance,

Zy(s), is measured by the test bus path

Zy(s) = (2.2)

where Vj;(s) is the output voltage, Ij/(s) is the input current. The transfer function system

can be written as

ZM(S> = A](S) . ZDUT(S) . Av(S) (23)

and rearranged to solve for the de-embedded DUT transimpedance

Zpur(s) = #(Aszf(s) (2.4)

11
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Figure 2.3: Block diagram of IEEE 1149.4 calibration using transfer functions Zpyr, Ay,
and Ay .

The 1149.4 calibration approach assumes that the buffers measured as part of the cali-
bration perform exactly the same as the buffers in the DUT measurement. The buffers are
physically different and therefore rely on their behavior matching. Su and Chen [12] inspect
the 1149.4 calibration procedure and its ability to remove the parasitic effects of the test bus.
The authors find that using buffers instead of transmission gates improves the calibration
performance because it lessons the loading differences between the DUT and the calibration
measurements. One must ensure that the loading on the calibration path measurements is
similar to the loading the switches/buffers will experience connected to the DUT.

1149.4 calibration is still limited to only account for the buffer gain. The load matching
that was discussed aims to increase the time the buffer gain is the dominant factor. Loading
can still impact the calibration performance, and this is especially true if the interfaces
between the DUT and buffer have similar impedances. 1149.4 also fails to account for other

high-frequency effects from the port and bus.

2.3 High-Frequency Measurements Using S-Parameters

The established way to measure high-frequency analog components is by using high-
quality external test equipment, such as a Vector Network Analyzer (VNA) [13, 14]. Vector
refers to the fact that both magnitude and phase of a signal is measured and network analyzer
refers to the fact that it measures network parameters. The type of network parameters

measured by a VNA are the scattering parameters (S-parameters) because the technology
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was developed around directional couplers that can directly extract the S-parameters.

2.3.1 S-Parameter Background

The fundamentals of S-parameters are summarized in this section to provide background
for the next sections on calibration and test bus calibration. S-parameters are derived from
transmission line theory and the concept of traveling waves. The theory in this section is
adapted from Gonzalez [15].

The voltage at a position along a lossless transmission can be written as
V(z) = Ae75% 4 Bl 3* (2.5)

where A and B are complex constants, = is the distance from one edge, and A is the wave-
length. Inspecting (2.5) shows that the voltage is the sum of two different wave components.
An important value of a transmission line is the characteristic impedance, which for a lossless
transmission line is defined as

L

Z=\/% (2.6)

where L and C are the inductance and capacitance per unit length, respectively. The notation

for the two waves in a transmission line is then written as

Ae~iP®
a(x) = 7 (2.7)
and
pibe
b(x) = b (2.8)

VZy
Fig. 2.4 shows a 2-port network system with transmission lines and their traveling waves

driven by a source and load signal. The S-parameters of the center 2-port network are

defined by the traveling waves as the edges of the transmission line closest to the network

block.
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Figure 2.4: S-parameter theory derived from traveling waves in transmission lines.
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Figure 2.5: S-parameter theory simplification using zero length transmission lines to define
S-parameter of a 2-port network.

Transmission lines are not necessary to use S-parameters to describe circuit blocks. The
S-parameters stop representing physical values of waves through transmission lines but work
well as general network parameters. They can be derived by assuming transmission lines of

zero length with characteristic impedance Z,. Repeating (2.5), (2.7), and (2.8) with z =0

gives
V=A+B8B (2.9)
A
a4 =—= 2.10
V7 (210)
b= i (2.11)

VZy
Fig. 2.5 shows a 2-port network system with no transmission lines and the wave notation

at the nodes around the network block. The S-parameters are defined by ratios of reflected

and transmitted waves when applying a signal to only one port such as

b

S11 = —
ai

by

S91 = —
ai

by
S12 = —
ag

by
= — . 2.12
5929 s ( )

az=0 az=0 a1=0 a1=0
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Figure 2.6: High-level internal structure of a VNA with the directional couplers used to
measure the incident and reflected waves.

The S-parameters written in matrix form is then

K 213

and the S-parameter matrix is usually written as a single variable

S21 S22

S = [5” 512] . (2.14)

2.3.2 Directional Coupler and Schematic

A VNA measures the S-parameter traveling waves using two directional coupler com-
ponents. Fig. 2.6 shows a high-level internal VNA schematic with directional couplers and
signal sources. S-parameter are measured in two stages. First, v, is turned on and vy is set
to zero. This means that as is zero and s;; and sg; are extracted by the directional couplers.
Next, during the second stage, v, is turned on and v, is set to zero, resulting in sq and

S12.

2.4 Vector Network Analyzer Calibration

A VNA can accurately measure high-frequency signals due to its calibration procedure,

which accounts for systematic errors in the probe cable, probe contact, and measurement
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Figure 2.7: Typical VNA measurement setup showing separate measurements of the DUT
and three calibration references (Call, Cal2, and Cal3).

setup. Knowing these systematic errors, the true DUT can be de-embedded from the DUT
measurement. Fig. 2.7 shows the typical VNA setup with the calibration measurements. A
transmission line and port symbol are used to represent the parasitic circuit elements that
exist between the VNA port, DUT, and calibration references.

The established VNA calibration procedure is presented in this section because it forms
the basis for the new proposed analog test bus. The relevant error model is first chosen and
the manipulation of the S-parameter matrices to extract the DUT is documented. Details

on the importance of calibration references is also provided.

2.4.1 Procedure Details

The first step in performing the VNA calibration is to choose an appropriate model for the
system, including the errors. The most common error model, and the model chosen for the
proposed test bus, is the 8-term error model shown in Fig. 2.8. The system is described by a
cascade of three 2-port networks where the middle 2-port network is the DUT. Surrounding
the DUT are the error parameter 2-port networks.

Alternate error models include the 12-term and 16-term models [13, 16]. The additional
error terms are mainly used to describe signal paths that bypass across the DUT and to

obtain a more accurate model. Additional error terms increase the complexity and cost of
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Figure 2.8: 2-port network diagram of the 8-term VNA calibration model.
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Figure 2.9: Signal flow diagram of the 8-term VNA calibration model.

the calibration due to the need for more measurements and quality references. The 8-term
error model was chosen for simplicity and the assumption that signal paths across the DUT
are insignificant and eclipsed by the other error parameters.

S-parameters are the 2-port network parameter of choice for VNA calibration because
they are directly measured. Therefore, a convenient way to represent the calibration problem
is through a signal flow diagram using S-parameters. The calibration model signal flow
diagram is shown in Fig. 2.9. The S-parameter matrices in Fig. 2.8 expanded to the individual

parameters in Fig. 2.9 are given the notation

Sp = [600 601] Spur = lsdutll 3dut12] Sp = [622 623] . (2.15>

€10 €11 Sdut21  Sdut22 €32 €33

The three series 2-port networks make up a larger 2-port network with the input at port 0 (ag
and by) and the output at port 3 (a3 and b3). This S-parameter matrix, which is measured,

is denoted as

Sm21  Sm22

SM_dut = [Smll Sm12] : (2.16)

The following calibration methodology was first described by Ferrero et al. [17] and the

17



more recent notation presented by Wollensack et al. [18] is used for its improved readability.
This formulation is the fundamental calibration algorithm that is used and built off of in this
thesis. It provides a relatively easy-to-understand view of the steps, and the final equations
are exactly how they are implemented in the calibration program.

Ferrero et al. [17] showed that the signal flow diagram in Fig. 2.9 can be written as
Sm.aut = Eoo + Eo1 (I - SpurE11) ™' SpurE1e (2.17)
where

0 0 0 0
EOO - €00 El() — €10 E01 - co1 E11 - cu . (218)
0 es3 0 e 0 es 0 e

This formulation of the signal flow diagram is convenient as it allows the equations to be

easily rearranged to isolate the error parameters into a linear system of equations
Sm.autE1g — EooErg — Sm.autE1 E11Sput + (Eo0E1 E11 — Eo1) Spur = 0.  (2.19)

Fully multiplying (2.19) through and writing in matrix form results in the system

1/610
1/623
Smit 0 1 0 Squi11Smit Sdw21Smi2 Saurtr 0 —€00/€c10
Smat 0 0 0 SqunisSmor  Squ21Sm22 0 Squan —es3/eas _0
0 Smi2 0 0 Squi12Sm11 Sdut22Smi12  Sdut12 0 —611/610 '
0 Sm22 0 1 Squi128m21 Sdut225m22 0 Sdut22 —622/623
(601610 - 600611)/610
_(623632 - 622633)/623_
(2.20)

With knowledge of how to set up the system of equations, measurements of calibration
references are used to fill in the left-hand matrix with known values. For the 8-term error

model, three calibration references are needed to solve the system. The 2-port network
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Figure 2.10: 2-port network diagram of the three calibration references.

diagram of the calibration reference system is shown in Fig. 2.10 and the equivalent signal

flow diagram is shown in Fig. 2.11. The S-parameter matrices and individual parameters are
given the notation

ki k
Soars = K = [ 1 Rz

Uy; U2
Scarz =U =
ko kaj : [ ]

U1 U2

(2.21)
ScarLs =W = [wn w12] .

Wa1 W22

The overall S-parameters of the three networks measured from port 0 (ag and by) to port 3
(a3 and bg) are given the notation

kmi1i km
SM,call = KM = [ H 2

Um11l  Umi12
SM,cal2 = UM =
km21 km22] [ ]

Um21  Um22

Wm21

(2.22)
SM,ca13 = WM - [wmll wle] .

Wm22
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Figure 2.11: Signal flow diagram showing of the three calibration references.

Analyzing and rearranging the signal flow diagram results in
KvEry — EwEjg — KmEj g EnK+ (EOOEIOlEH — E01) K=0
UMEI()l — EO()EI()l — UMEI()lE11U+ (EOOEI(}Ell — EOl) U - 0

WwumEL — EeEg — WyE G E11 W+ (EgoEgE11 — Eg1) W =

20

(2.23)

(2.24)

(2.25)



which can be expanded and written in the matrix form

Emi1 1 0 Ekukpu kotkpmiz  ku 0

Ema21 0 0 Fkukmar  kotkmoa 0 kg
0 Fmiz 0 0 kigkmin  kookmiz k2 0O

0 Emaz 0 1 kigkmor  kogkmao 0 ko
Um11 0 I 0 upiumin  U21Cni2 Uny 0

Um21 0 0 0 upiumar  U21Cma2 0 uy
0 Upiz 0 0 Upplpmir  U2aUmiz Uiz 0

0 Umz 0 1 wupUmar wWeowpa 0 ux
Wmi11 0 I 0 wiumin woWmiz w0

Wm2t 0 0 0 witmar warwmee 0 wy
0 Wpi2 0 0 wiplpmn weowpie wiz 0

| 0 Wz 0 1 wiglmar Woalmaz 0w

1/eqq

1/eo3
—€00/€e10
—633/623
—611/610
—e22/€93

(601610 - 600611)/610

_(623632 - 622633)/623_

—0. (2.26)

Note that (2.26) is a homogeneous system of equations, and to solve, one of the dependent

variables must be defined in order to rearrange the equation. Typically, setting e;g = 1 to

rearrange the equation for solving

Emi1 0 1 0 kukpi kotkpmiz  ku 0
Ema1 0 0 0 kikmar  korkmae 0 kxn
0 kniz2 0 0 kigknin  kookmiz k2 O

0 Fmao 0 1 kigkmor  kookmao 0 ko
Um11 0 I 0 wunumin  u21Cmiz U1 0
Um21 0 0 0 wunmar U21Cm22 0 uy

0 Upi2 0 0 UipUpmin  UUpmiz Uiz 0

0 U2z 0 1 UppUpmar  WoWpee 0 U
Wm11 0 I 0wty waiwWmz wip 0
Wm21 0 0 0 wpumar W2Wpma2 0 woy

0 Wiz 0 0 wiplmin WeWmiz wiz 0

L 0 Wma2 0 1 wiptpma Wepwpe 0 W22 |

1/ea3
—€00/€e10
—633/623
—611/610
—e92/€23

(601610 - 600611)/610

_(623632 — 622633)/623_

_kmll

_km21

—Um11

—Um21

—Wm11

—Wm21
0
0

(2.27)

Equation (2.27) is a general system of equations that can be easily solved to obtain the

matrix of error parameters. Now knowing the error parameters and the test bus measured
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DUT S-parameters, (2.17) can be rearranged to solve for the DUT S-parameters

SnautErg — EooErg
Sm.autE1gE11 — (EooE E11 — Eo1)

Spur = (2.28)

2.4.2 Calibration References

Many different kinds and arrangements of calibration references are used for VNA cal-
ibration. This is because there are many different applications for VNAs and each type of
calibration references as its own trade-offs.

Calibration references have traditionally been integrated on standalone calibration sub-
strates. Usually referred to as an impedance standard substrate (ISS). In this context, the
VNA probes are physically moved between the references and measured one at a time. Then
the VNA can measure the DUT and de-embed its S-parameters. The types of references used
can include short, open, load, transmission line, and through. For example, two common
standards are through-reflect-line (TRL) and line-reflect-reflect-match (LRRM). Fig. 2.12
shows a schematic representation of these two standards.

Generally, calibration references are built out of physical structures that, when ideal,
have known S-parameters. These S-parameter are known because they are based on the
definition of S-parameters with incident and reflected waves. In a reflect-type reference
(short or open) all of the incident wave is reflected and the reflection coefficient is 1. In
a through-type reference, there are no reflections and unity transmission. A match-type
reference using the characteristic impedance of the system gives zero reflections and zero
transmission. Therefore, the quality is a function of their physical construction and the
S-parameter are inherently known and do not need to be measured.

Equation (2.27) is the critical system of equations that must be solved for calibration.
Inspecting the system reveals seven variables and twelve equations, which means that the
system is over-defined for the number of variables. This leaves space to strategically ignore

equations or add variables to the system. What variables and equations are ignored or
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Figure 2.12: Example through-reflect-line (TRL) and line-reflect-reflect-match (LRRM)
calibration standards.

added is what really differentiates the many different types of standards available for VNA
calibration. Some aspects of the calibration references may not be as accurate as others, so
those can be ignored. Using a reflection-type standard with zero transmission automatically
removes two equations because any through measurements will be zero.

Adding variables fundamentally changes the system of equations. One is essentially
adding a variable to the coefficient matrix and the whole system needs to be rearranged to
be solved. The algorithm presented in Section 2.4.1 is the most generic formulation with all
the reference S-parameters known. Each calibration standard presented in the literature has
a completely different solving algorithm geared to their set of variables. Sometimes using
different notation and conventions.

TRL was first presented by Engen and Hoer [19] and does not require that all standards
be fully known. The reflect reference and propagation constant of the line reference can be
unknown and still allow error terms to be calculated [20]. An extension of TRL, multiline
TRL (M-TRL), adds multiple line references to cover a greater bandwidth and increase
accuracy [21]. LRRM allows the reflect type standards to be unknown [22].

An important concept in error calibration is the calibration/reference plane. Essentially
what parts of the physical circuit are included in either the error blocks or DUT. Looking

back at Fig. 2.8, the calibration plane is the boundary between the error blocks (Sa and
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Sp) and the DUT block. In a traditional VNA calibration with the dedicated calibration
substrate, the calibration plane is located at the probe tips. This calibration approach
does not account for any errors that may be located between the probe tips and the DUT.
Differences in the pad parasitic elements and the on-chip interconnect to the DUT are errors

not captured in the calibration.

On-Chip Calibration References

Moving the calibration references to the same chip as the target DUT helps move the cal-
ibration plane closer to the DUT. On-chip or on-wafer calibration are terms used describing
references built in the same process as the DUT. With the on-chip references, the pad and
interconnect better match those in the DUT measurements and ideally move more parasitic
elements into the error blocks.

On-chip references have become an established technique to improve calibration perfor-
mance at high frequencies with many books and guidelines written on the subject. Shang
et al. [23] outline a guide to making planar S-parameter measurements at mmWave fre-
quencies. It gives high-level pros and cons of references such as SOLT, TRL, LRM, LRRM,
and multiline TRL and practical advice on setting up the VNA. Rumiantsev’s [24] detailed
book describes the design of calibration references for high-performance mmWave devices.
Williams et al. [25] presents design guidelines for mmWave on-chip TRL.

TRL or multiline TRL is the generally recommended on-chip calibration reference. Ru-
miantsev et al. [26] present a comparison of on-wafer multiline TRL and LRM to typical
off-wafer SOLT reference. The on-wafer references outperformed the off-chip references in
the frequency range of 1 to 110 GHz. Williams et al. [27] perform a similar experiment
comparing on-wafer TRL to off-wafer SOLT and LRRM. The experiment again finds a per-
formance improvement for TRL in the mmWave frequencies. The advantages of moving the
calibration plane closer to the DUT only become important at mmWave frequencies as this

is when the parasitic element difference becomes large.
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Other new on-wafer calibration standards have also been investigated. Huang et al. [28]
present an extension to TRL with an additional transmission line. Huang et al. [29] present
an on-chip reference for production test applications up to 110 GHz. Wei et al. [30] present a
general 4-port CMOS calibration references for 1 to 110 GHz. Yau et al. [31] compare open-
short, split-through, and TRL de-embedding techniques for on-wafer DUT measurement for
frequencies DC up to 170 GHz.

On-chip references are essentially the same as off-chip references except they are optimized
for different processes and form factors. They are still mostly passive circuits with their own
pads that must be probed and measured individually. The only advantage they provide is

to extend the calibration bandwidth into the mmWave frequency range.

Electronic Calibration References

An established alternative to using physical calibration substrates is using an electronic
calibration (ECal) module. ECal uses active electronic components to switch between the
calibration references of a standard. This means that a single connection is made to the
ECal block instead of having to physically move the probes between the references like on
a substrate standard. After using the ECal module, the DUT is measured separately as
normal.

ECal modules are a popular offering due to their quality, capability, and convenience [13].
ECal modules usually communicate directly with the VNA, allowing the entire calibration
procedure to be automated [32, 33]. A single button press measures all the calibration
references and saves the data. In contrast to the multistep process to measure all the
calibration references of a substrate standard. In all but the most demanding applications,
ECal has been verified as an accurate way to calibrate a VNA [34, 35, 36].

Original ECals used a transmission line shunted by PIN diodes along its length. Forward
biasing the diodes shorts the transmission line different lengths from the ports which creates

the different references [13]. Abramowicz and Lewandowsk [37] present a different an ECal
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created from micro-electromechanical system (MEMS) switches that works from DC to 8
GHz.

A logical extension for ECal is to integrate it on-chip alongside the DUT, like what was
done with normal calibration substrate standards. This will move the calibration plane closer
to the DUT while still having the ECal benefit of not having to reposition probes between
the reference measurements. A variety of techniques exist to create electronic references
on-chip.

Xie et al. [38] present an ECal that uses Schottky diodes as calibration references which
are varied by changing the biasing voltages applied through the wafer probes. The paper
aimed at significantly increasing the operating frequency to the submillimeter-wave band
(325-500GHz). However, it first relies on a characterization step using TRL to obtain the
reference S-parameters.

There are a series of papers from the same author that present multiple ECal standards
that are created using CMOS transistors. Three CMOS transistors in a pi network arrange-
ment are used to create the references [39, 40, 41]. The transistors are either turned on/off
as switches or have their gate bias voltage varied to create different impedances. A low-
frequency measurement is used to characterize the references. Chien and Niknejad [42] then
use a single CMOS transistor that creates a LRRM-type standard by varying the gate bias
voltage and disconnecting the wafer probes. Chien [43] uses a transmission line loaded with
20 distributed CMOS switches.

Integrated ECal modules show promise in providing the same convenience of standalone
ECal modules while moving the calibration plane closer to the DUT. A difficult part of
integrated ECal is accurately knowing the reference S-parameters and being able to ignore
or account for parasitic elements that impact the references. Less of the references are based
off physical structures with defined reflections. Additionally, most ECal implementations

are not independent modules and rely on DC biasing sent in on the measurement probes.
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2.5 Summary

The current implementations of the IEEE 1149.4 analog test bus standard are limited
in the maximum measurement frequency they can obtain. Their gain calibration does a
poor job of accounting for errors that can occur at higher frequencies. VNASs, in contrast,
do an excellent job at measuring high-frequency signals by employing a detailed calibration
procedure. The procedure measures multiple calibration references, which characterizes the
systematic errors present in the measurement setup. Knowing the errors, the true DUT
performance can be de-embedded. There are many types of calibration references, each
geared for different applications. Of note are the on-chip and electronic calibration reference
categories. On-chip calibration references move the calibration plane closer to the DUT
and account for errors but are still based on the large physical structures used in normal
VNA substrate standards. Electronic calibration references allow the VNA probes to remain
stationary while measuring the references by changing them with active components. On-
chip electronic calibration references combine these advantages but are more difficult to

characterize and manipulate.
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Chapter 3

Proposed Analog Test Bus Structure

Using the literature review background on analog test buses, VNA calibration, and cali-
bration references, an analog test bus structure that can accurately de-embed high-frequency
errors is proposed. The proposed structure is split into two variations: a 4-port and 2-port
test bus. The 4-port test bus is the primary structure, and its design is described in detail
first. Calibration references are added to the test bus and the structure is informed by the
requirement to consistently fit an error block calibration model. A comparison with 1149.4
to highlight the high-frequency measurement performance is presented with a simulated ex-
ample. The 2-port test bus requires a specific condition with the reverse signal in order to
be accurate. The 2-port test bus structure is described and added to the simulated example
to compare with the other designs.

As discussed in the literature review section, the 1149.4 test bus has poor high-frequency
performance and limited calibration ability. These problems have prevented 1149.4 from
being used in high-frequency applications. VNAs on the other hand, are an established
high-frequency tool with comprehensive calibration ability. VNAs are not a replacement for
an analog test bus applications because they require dedicated ports for each analog block
to be tested.

Combining the benefits of an analog test bus with a VNA style calibration procedure
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would extend the measurement bandwidth and open up new test bus applications. To
accomplish this, VNA-style calibration references are integrated within the test bus, and the
test bus structure is altered to facilitate this.

The backbone of the proposed test bus structure are voltage and current buffers capable
of being turned on/off to act as switches and route signals to/from circuits connected to
the test bus. Buffers are used instead of transmission gates because buffers offer a greater
frequency bandwidth. This fact is the same for 1149.4, as was discussed in the literature
review Section 2.2.

The switching buffers allow the system to move between three distinct operation modes:
mission, test, and calibration. Mission mode is the default state when the DUT operates
normally and the entire test bus is disabled. Test mode uses the VNA and first buffer group
to measure the DUT. Calibration mode uses the three other buffer groups separately to

measure the calibration references.

3.1 4-Port Test Bus

The high-level structure of the 4-port test bus is shown in Fig. 3.1 and will be referenced
throughout this section. The 4-port test bus gets its name from the 4 external analog test
ports it uses. At the top and center of the diagram is the DUT with its normal operation
connections, in this case, its input connected to an external pin and its output connected to
an arbitrary next circuit stage. Also connected below to the DUT input/output is the test
bus.

The four test ports (AT1 - 4) are each connected to an internal test bus (AB1 - 4) that
is then connected to the buffers. The voltage and current buffers are labeled with V,, and
I,, being the nth buffer, respectively. AT1 and AT2 are input ports that connect to the test
signal source (VNA Source 1 and 2) and current buffers to drive the signal to the DUT or

calibration references. AT3 and AT4 are output ports that connect to the voltage buffers to
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relay the test signal off-chip (VNA Meas. 3 and 4). Near the test ports are the Interconnect
Test Circuit blocks which would perform basic port connection testing as in 1149.4, although
they are not used during test bus measurements. Transmission lines between the test ports
and buffers represent parasitic elements from long traces/interconnects that are accounted
for during calibration.

The Call, Cal2, and Cal3 blocks represent three different calibration references much like
those included in a typical VNA calibration. The exact internals of the calibration references
will be discussed in Section 4.3. The ability of the voltage and current buffers to switch on or
off is labeled with an enable pin at the top of the symbols. The three calibration references
create three different zones controlled through ENy, ENy, and ENj.

E Ny, controls the test bus connection to the DUT. When switched off, the buffers should
have little influence on the performance of the DUT. An optional enable pin, ENpyr, is
included to turn on and off the DUT when the test bus is in calibration mode. Large signals

from an active DUT may leak through the buffers and contaminate the calibration.

3.1.1 High-Frequency Errors

Given ideal buffers and interconnects, both the 4-port and 1149.4 test buses can ac-
curately measure an analog circuit’s performance. As has been discussed repeatedly, the
question becomes: What is the maximum frequency of the test bus and can calibration ex-
tend the bandwidth? Any test bus has a frequency limit at which it stops being accurate
due to high-frequency effects such as parasitic capacitance, which starts to attenuate and
shift the signal through the test bus.

To more closely analyze the errors, Fig. 3.2 (a) shows a detail of the signal path from
the DUT output to the test port. The gain transfer function has a low-pass characteristic,
where the gain decreases at higher frequencies past the cutoff. In addition, the buffers have
input and output impedances that start to change as frequencies increase. Focusing on the

DUT and V3 connection, if Z,; and Z;3 have comparable magnitudes a voltage divider effect
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Figure 3.2: Output signal path represented with (a) circuit schematic and (b) general 2-
port networks.

will affect the gain.

Fig. 3.2 (a) also shows a transmission line and port symbol to represent the long intercon-
nect and chip pad. The parasitic elements of these components become significant at high
frequencies with the interconnect becoming an electrically long device. This could produce
reflections causing phase shifts across the device.

This more detailed look at the errors that can affect test bus measurements begins to
explain the complicated factors that impact measurements. It by no means includes every
high-frequency error that could occur. One important effect to emphasize is the fact that not
only does gain across the test bus signal path decrease, there is an interaction between the
DUT and buffer input/output impedances. Given how complicated and intertwined high-
frequency circuits are, it makes sense why S-parameters are a popular way to represent RF
circuits. It is more convenient to represent circuit blocks with generic S-parameter 2-port
networks. The 2-port model gives a generalized model of the system that does not assume
anything about its performance. Continuing that logic, Fig. 3.2 (b) shows the test bus signal
path replaced with S-parameter 2-port networks. Conceptualizing the test bus as a group of
generic 2-port networks helps explain why the 4-port test bus is structured the way it is, as

will be discussed.
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Figure 3.3: 4-port test bus calibration model with 3-port input and output error blocks.

3.1.2 Structural Requirement to Enable Calibration

The structure of the 4-port test bus is informed by the requirement to fit the VNA
calibration model. The S-parameter network model of the calibration system is shown in
Fig. 3.3. As discussed in Section 2.4.1, a common VNA error model consists of two separate
error blocks, one at the input of the DUT and a second at the output. The 4-port test
bus conforms to the two error block system. The only difference is that the 4-port test
bus error blocks contain an additional port making then 3-port networks. Exactly how the
error terms of the error blocks are calculated will be discussed later in Section 4.2. For now,
the high-level idea of VNA calibration remains. The 3 calibration references are used to

calculated the contents of the error blocks to then be able to de-embed their effects from a



The error block calibration model requires that the test bus components (buffers and
ports) stay consistent between each measurement of the DUT and calibration references.
Knowing the calibration model provides context for the structural differences between the

4-port and 1149.4 test buses, which are examined further in the following section.

3.2 4-Port and 1149.4 Test Bus Structural Comparison

Compared to the 1149.4 schematic as shown previously in Fig. 2.2, the 4-port test bus has
one fewer buffer in the signal path and two additional test ports/buses. These differences are
necessary to facilitate the VNA calibration approach and increase the frequency bandwidth.

In 1149.4, a buffer is placed between the test port and the test bus to give the option to
disconnect the port from the bus. This buffer is part of the test bus interface circuit, which in
a switch-based implementation allows both test ports and test buses to be connected inter-
changeably with each other. This is not included in a buffer-based implementation because
the buffers are unidirectional. Making the signal cross 4 buffers increases the capacitance
on the path and reduces its bandwidth. Additionally, the task of disconnecting the test bus
and port is not strictly necessary, and a similar effect can be achieved by turning off all
buffers connected to the bus. The proposed 4-port test bus removes this extra buffer for
these reasons and directly connects the test port to the bus.

Adding two additional test ports and buses increases the robustness of the design and
the accuracy of the calibration. The dedicated input and output ports avoid having to share
resources and produce changing load conditions. For the proposed 4-port test bus, all buffers
are turned on and remain turned on for the duration of the measurements. 1149.4 requires
turning on or off different buffers to set up the different measurements. This is because the
output signals need to share the output bus and port.

Fig. 3.4 shows the 4-port and 1149.4 test buses in 2-port network form for two different

measurements. For an 1149.4 forward through measurement, I, Is, V3, and V; are turned on.

34



1149.4 Input Impedance Measurement 4-Port Input Impedance Measurement

Figure 3.4: 2-port network diagrams comparing the 1149.4 and 4-port test buses measuring
transimpedance and input impedance.

For an 1149.4 forward reflection measurement, I, I, V5, and V; are turned on. Therefore,
the first error box changes from including a turned off V5 to a turned on V5 passing the signal.
The 1149.4 error boxes are not consistent and do not meet the VNA calibration requirement.
That contrasts with the 4-port test bus consistent symmetry between measurements.

An additional consideration for 1149.4, if any of the buffers while turned off have a
noticeable amount of leakage signal through, measurement will be severely inaccurate. This
again changes the error box and corrupts the measured signal. The 4-port test bus does not

rely on a single turned off buffer to block signals and instead gives dedicated paths for each.

3.2.1 Highlighting the High-Frequency Limitations

To illustrate the performance of the 4-port and 1149.4 test bus, a numerical example
is presented in this section. The example highlights the difference between low-frequency
measurements with close-to-ideal components and high-frequency measurements with errors
present in the components.

In this section only simple direct measurements with the test bus are covered. Fig. 3.5
shows the simulation setup of both test buses. Consistent with the rest of this thesis, the

target is the DUT transimpedance. Therefore, a current source is used to apply the input
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Figure 3.5: (a) IEEE 1149.4 and (b) 4-port test bus setup for direct DUT measurement.

signal at the input port and the output voltage is read at the output port with a voltmeter.

The performance parameters of the current buffers, voltage buffers, DUT, and transmis-
sion lines are captured in Tables 3.1 and 3.2. Each component has two sets of performance
parameters, one for low-frequency ideal and one for high-frequency with errors. This al-
lows one to easily evaluate the test bus accuracy between low-frequency and high-frequency
measurements.

The resulting test bus measured transimpedance is summarized in Table 3.3. With
the low-frequency ideal components, both the 4-port and 1149.4 test buses can accurately
measure the DUT transimpedance. However, the high-frequency test gives inaccurate results,
though the amount of deviation is reduced with the 4-port test bus.

Clearly, calibration is required to extract a more accurate measurement of the DUT. This

numerical example will be continued later in Section 4.4 applying the calibration algorithm.
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Table 3.1: Current and voltage buffer component values used for the example.

Component Gain Z; Zout | Lieak

Ideal Low-Freq. 1 A/A 10 2 | 20 k2 | oo
High-Freq. Errors | 0.98 A/A | 30 Q2 | 2kQ | 7kQ

Ideal Low-Freq. 1V/V | 30kQ | 100 Q| oo Q
High-Freq. Errors | 0.92 V/V | 2kQ | 90 Q | 7 kQ

DUT 1000 V/A | 30Q | 60 | oo

Current Buffer

Voltage Buffer

Table 3.2: Transmission line component values used for the example.

Component Zy | Normalized Length
Transmission Ideal Low-Freq. | N/A 0
Line High-Freq. Errors | 50 0.25

Table 3.3: Directly measured (no calibration) DUT transimpedance results through the
4-port and 1149.4 test bus.

Test Bus Gain Error
Reference 1000 V/A -
1149.4 | 991.1 V/A | 0.89 %
Low-Freq
4-Port | 989.0 V/A | 1.1 %
1149.4 | 619.1 V/A | 38.09 %
High-Freq / ‘
4-Port | 681.2 V/A | 31.88 %

3.3 2-Port Test Bus

The main downside of the 4-port test bus over 1149.4 is the additional test ports. Any
additional ports taken away from an IC’s main functionality and moved to be exclusively
for testing is expensive. There are a limited number of ports available, and each is carefully
considered.

A simplification of the 4-port test bus is to reduce the number of test ports to a 2-port
test bus, but this depends on specific buffer conditions to be met. Fig. 3.6 shows the high-

level 2-port test bus structure, which largely follows the 4-port test bus description except
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that half the test ports, buses, and buffers have been removed. The 2-port test bus has two

test ports (AT1 and AT2) and two internal test buses (AB1 and AB2) each connected to a

port of a 2-port VNA. Branching off AB1 are the current buffers and branching off AB2 are

the voltage buffers.

The 2-port test bus calibration model is the same error block model used for the 4-port

test bus and typical VNA calibration. The only difference being that the 4-port test bus

3-port error blocks have been replaced with the normal 2-port error blocks.

The 2-port

calibration model is repeated here in Fig. 3.7. Conforming to the calibration model is a

requirement of the 2-port test bus structure to support accurate calibration.
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Figure 3.7: 2-port test bus calibration model with 2-port input and output error blocks.

3.4 2-Port, 4-Port, and 1149.4 Test Bus Structural Com-
parison

The 2-port test bus removes all unnecessary buffers to have the bare minimum to support
a test bus. Only a single current buffer is used to apply a signal to the input of the DUT.
Then a single voltage buffer is used to read the output of the DUT.

The buffers placed between the test port and bus in 1149.4 are removed for the same
reasons as for the 4-port test bus. One does not need to be able to disconnect the port and
bus. A similar effect can be achieved by turning off all buffers connected to the bus.

The ability to apply and read signals from both the input and output of the DUT has
also been removed. Removing this ability greatly simplifies the test bus and reduces the
number of components connected to the bus. Simplifying the test bus increases its potential
maximum frequency by reducing the number of parasitic components. The 2-port test bus
aims to provide the most direct way to apply a stimulus and read its result.

The 2-port test bus also improves on the 4-port test bus by cutting the number of ports
in half to match 1149.4. This comes at the cost of requiring specific conditions on the buffers

to allow an accurate calibration.
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Table 3.4: Directly measured (no calibration) DUT transimpedance results through the
2-port, 4-port, and 1149.4 test bus.

Test Bus Gain Error
Reference 1000 V/A -
1149.4 | 991.1 V/A | 0.89 %
Low-Freq | 4-Port | 989.0 V/A | 1.1 %
2-Port | 995.0 V/A | 0.5 %
1149.4 | 619.1 V/A | 38.09 %
High-Freq | 4-Port | 681.2 V/A | 31.88 %
2-Port | 741.5 V/A | 25.85 %

3.4.1 Highlighting the High-Frequency Limitations

To further establish the impact high-frequency errors have on the 2-port test bus accuracy,
the same numerical example as that of the 4-port test bus is performed. Fig. 3.8 shows the
simulation setup of the test bus to measure the DUT transimpedance. Each component of
the test bus is implemented with the same high-level parameter used in the 4-port example
summarized in Tables 3.1 and 3.2.

The results of the simulation are captured in Table 3.4 and show that the 2-port test bus
behaves the same as the 4-port and 1149.4 test bus. The ideal low-frequency components
result in an accurate transimpedance value measured from the test bus. The high-frequency
component simulation is less accurate due to errors in the components. This is still only a

preliminary example that will continue in Section 4.5.1 by applying the calibration algorithm.
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3.5 Summary

The proposed analog test bus uses a combination of techniques from the 1149.4 test
bus and normal VNA measurements to create a high-frequency test bus. To apply VNA-
style calibration to the proposed test bust, the structure must conform to the error block
calibration model. 4-port and 2-port variations of the proposed test bus are described, which
are based on the same current and voltage buffers. The structural differences between the
1149.4, 4-port, and 2-port test buses are highlighted using a simulated numerical example.
All test buses accurately measure a transimpedance DUT when the test bus behaves ideally
at low frequencies. At high frequencies with errors present in the test buses, both structures
fail to measure the DUT accurately. Advanced calibration is needed to account for the

complicated errors created by the buffers and their interface with the DUT.
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Chapter 4

Enhancing High-Frequency Measurement

Accuracy with Calibration

The calibration algorithm for the proposed 4-port and 2-port test buses is based on
the algorithm presented previously in Section 2.4.1 of the literature review. The calibration
algorithm uses measurements of the on-chip calibration references to calculate the errors and
de-embed the performance of the DUT. The 2-port test bus can directly apply the standard
procedure, while the 4-port test bus needs a conversion to work. The most important part
of the calibration algorithm is the design of the on-chip calibration references.

This chapter starts by documenting the conversion from the S-parameters to voltage and
current. Then the 4-port test bus conversion is presented, allowing it to fit in the calibration
algorithm. A detailed section on the calibration references is then presented. With all the
background on the proposed test buses established, a numerical example is presented. Minor
sections are added at the end to briefly discuss the 2-port test bus reverse signal requirement

and error block matching.
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4.1 Converting S-Parameters to Voltage and Current

After measuring and calibrating S-parameter measurements in RF and high-frequency
applications, the results are typically kept in S-parameters or converted to power gain. This
simply depends on what information is desired about the DUT and most RF and high-
frequency applications want S-parameters or power measurements. The proposed test buses
can also be aimed at applications where one is more interested in gain in terms of voltage
and current, which is the application investigated in this thesis. The author could not
find voltage, current, or transimpedance gain clearly stated in terms of VNA measured S-
parameters and therefore this section steps through the derivation of the gain equations from
S-parameter fundamentals.

After determining the DUT S-parameters, they can be converted to circuit values such as
voltage gain, current gain, and transimpedance gain through an additional calculation step.
A general derivation is given to apply any possible DUT. Fig. 4.1 shows a general signal flow
of a 2-port network with a source and load impedance where

 Zs— Z,
- Zs— 7

7y -2

r == =
S 7 — 7,

r; (4.1)

Inspecting the signal flow diagram in Fig. 4.1 (b), four equations can be written to relate
the nodes and S-parameters

by = s11a1 + S1202 a; = I'sby + bg
(4.2)

by = S91a1 + S22a2 as = I'pbs.

From the definition of S-parameters, the voltage and current are related to the forward and

reflected waves according to [15]

V =/Zy(a+b) (4.3)
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The transimpedance, voltage, and current gain from node 1 to 2 are therefore

[=——(a—b). (4.4)

_V2 o (ag + bo)

Zr = 7 Zom (4.5)
Vo (ag+bo)

A= T o (46)
. I . (Clz - 52)

Ar = I m. (4.7)

Using (4.2), the gain equations can be rearranged to be in terms of S-parameters and the

load reflection giving the final equations

Z r 1
Iy = sl +1) (4.8)
1 — 511 — 892l 4 5118221, — 51250111

A — so1 (' +1)
v =
14 511 — S92l — 81189220, + 5125911,

(4.9)
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(4.10)

4.2 4-Port Test Bus to 2-Port Conversion

The 4-port test bus can be modeled with a combination of 2-port and 3-port networks
as shown in Fig. 4.2. For example, port 3 is the current buffer input, port 5 is the voltage
buffer output, and port 1 is the input to the DUT.

A signal flow diagram of the 4-port test bus model is shown in Fig. 4.3 and contains 18
error parameters in total. Solving for all 18 error parameters would require prohibitively
more calibration references and measurements compared to the typical VNA calibration
8-term error model presented in Section 2.4. The model can be simplified by recognizing
that not all error parameters are used or necessary to extract from the DUT measurement.
Firstly, no signal is applied to port 5 and therefore a5 = ag = 0. Secondly, the transmitted
waves bs and by do not provide any new information not already contributed by b5 and bg.
Removing those waves and the attached error parameters results in the simplified signal flow
diagram shown in Fig. 4.4. The simplified signal flow model has 8 error parameters and can

now be used with the established 8-term calibration procedure.
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4.3 Calibration References

Integrating calibration references with the test bus comes with unique requirements not
seen for typical VNA calibration references. Therefore, a different approach is needed for
the test bus. Existing calibration references were discussed in Section 2.4.2 of the literature

review. Upon first glance, existing on-chip or electronic calibration references may work with

the test bus.

The two main on-chip calibration reference, TRL and LRRM, as introduced in Section
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2.4.2, both use a transmission line standard. This standard is fundamentally an electrically
long device that occupies a lot of area. Even at mmWave frequencies, the transmission line
length needs to be tens of millimeters long, and that is a significant area on-chip. Therefore,
these large references are not suitable to be built along with the test bus.

References between buffers must ensure that the DC bias voltage is maintained. The
side of both buffers facing the reference is high-impedance and not typically capable of
establishing the DC voltage. A short or open standard will affect the DC biasing of the
buffers. In the best case, this only shifts the performance of the buffers. In the worst case,
it renders the buffer inoperable.

Electronic calibration references, such as the CMOS one presented by Chien and Niknejad
[42], could feasibly integrate well with the test bus. Varying the gate voltage of the single
transistor would create different references. These CMOS electronic calibration standards
rely on an off-chip DC voltage applied through the probe. This is not possible to achieve
using the proposed test bus buffers. There is no input voltage buffer to pass on the biasing
voltage, only input current buffers.

Therefore, the requirements of the calibration references to be integrated in the proposed

test bus are as follows:
e Sets the DC voltage biasing point of the buffer. Ideally, at a voltage similar to the one
set by the DUT.
e Created with physically small components that minimize the occupied silicon area.

e Either has intrinsically known S-parameters or the S-parameters can be characterized

using a low-frequency measurement.

e Stable S-parameters across the frequency range of interest.

The calibration references identified that fulfill the outline requirements are load resistors
as shown in Fig. 4.5. The first two standards are through-type standards and the third is a

reflect-type standard similar to that of the TRL [23]. By knowing the resistance, the 2-port
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Figure 4.5: Calibration references integrated within the proposed test bus.

S-parameters of the references are known. The load resistors in Fig. 4.5 are only the small
signal behavior. Exactly how they are implemented can vary, depending on the application.
As will be seen in the coming chapters, the references are implemented two different ways

between the PCB experiment and BiCMOS simulation.

4.3.1 Reference Resistor Low-Frequency Measurement

The value of the reference resistors needs not be known beforehand and can be measured
with a low-frequency test signal assuming that the voltage and current buffers are ideal at
low frequencies, as shown in Fig. 4.6. A known current is applied to the input that travels
through the current buffer and resistor, generating a voltage that is then repeated on the
output port by the voltage buffer.

The current buffer to load resistor to voltage buffer is a unique arrangement that allows
the characterization of the resistor. One needs a current and voltage buffer to be able to
measure the resistance. The unique arrangement becomes obvious if one tries to develop a
way with only two voltage buffers or two current buffers. It is difficult to know both the
current and the voltage to calculate the resistance. A load resistor versus a series resistor
is also an important subtly. A series resistor also has no way to extract both voltage and
current. The reason why measuring the on-chip resistance requires a specific setup is because

of the need to obtain an accurate measurement using off-chip equipment.

48



ATI1 h AT2

X I v DX
oL :

Iln Vout Vout

Figure 4.6: R.,;_3 low frequency measurement setup equivalent circuit.

4.3.2 Derivation of Resistor S-Parameters

After the resistance value of the calibration resistor is known, their S-parameters can be
directly calculated. This section steps through the conversion of resistance to S-parameter.
The S-parameter are needed because that is the form used in the main calibration system
of equations.

One way to derive the exact S-parameter is to write the waves in terms of the voltages

and resistors. First by definition, the incident wave is equal to half the source voltage

1
= _ . 4.11
a1 9 \/70 ( )
The reflected wave is then
Vi
b1 = — — (412)
vV Zo
and the voltage at the resistor is a voltage divider of the source
A
_ v, Bll% (4.13)

Vi=V,—
! Zo+ R/ Zy

Using (4.11), (4.12), and (4.13) and the definition of s11, $1; can be written in terms of the

reference resistor

e (1.14)
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The same is true for s,; written in terms of the reference resistor

N, 2R

_al aq :2R+ZO

(4.15)

The reference resistors are symmetrical, so soo and s;o are the same as s1; and soq, respec-
tively. Knowing the four S-parameters, the calibration reference S-parameter matrices can

be populated. Call and Cal2 introduced in Fig. 4.5 therefore have the complete S-parameter

matrices - q
1 _ZO 2Rcal1

S _ 4.16

AL 9 Reans + Zo 2R.an —2Zo (10
1 [ _ZO 2Rcal2-

S _ s 4.17

CAL2 2Rcal2 + ZO _2Rcal2 _ZO i ( )

where R.,1 and R.,2 are the resistor values. Cal3’s S-parameter matrix, being two simple

load resistors without a through connection, is the classic impedance to wave reflection

10
. 1]. (4.18)

equation
RcalB - ZO .

S —
CALS RcalS + ZO

where R.43 is the resistor value.

4.4 Comparison of 4-Port and 1149.4 Test Bus

To help illustrate the 4-port test bus calibration performance, a numerical example is
presented and compared to a calibrated 1149.4 measurement. This example is a continuation
of the one introduced in the previous chapter in Section 3.2.1, where test bus measurements
are performed without calibration. For consistency, the same component parameters for the
buffers, transmission lines, and DUT are used that were captured in Tables 3.1 and 3.2. Two
sets of component parameters are used again, one with ideal low-frequency performance and
the other with high-frequency performance errors, to demonstrate the differences between

the test buses.
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(a) 1149.4 Current Buffer Calibration Measurement Setup

FF
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(b) 1149.4 Voltage Buffer Calibration Measurement Setup

Figure 4.7: 1149.4 test bus calibration measurement setup of both the (a) current buffers
and (b) voltage buffers.

4.4.1 1149.4 Test Bus Example

IEEE 1149.4 contains a simple calibration mechanism that uses extra current and voltage
buffers to bypass directly to the opposite test port, as discussed in the literature review in
Section 2.2.2. Fig. 4.7 shows the simulation setup to measure the gain of the current and
voltage buffers. The gain is used as a correction factor for the test bus measured DUT
transimpedance.

First, the 1149.4 test bus constructed out of the ideal low-frequency component param-

eters is tested. Measurement of the current and voltage buffer calibration path gain gives

[ca ou ‘/ca —ou
Ap= T = 09990 AJA Ay = T = 0.9966 V/V (4.19)
cal-in cal-in
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and then measuring the gain of the DUT through the test bus gives

1%
Zy = I—M = 991.0533 V/A. (4.20)
M

The de-embedded DUT transimpedance can then be solve for by

A
Zpur = A ]\2
1Ay

= 995.1024 V/A. (4.21)

These steps were repeated again, but with the 1149.4 test bus constructed out of the high-

frequency error components. The results are captured in Table 4.2.

4.4.2 4-Port Test Bus Example

To perform a measurement using the 4-port test bus, the ports are each connected to
their own VNA port. Fig. 4.8 shows the simplified simulation setup with the 4-port VNA.
The schematic has been generalized to save space. The measurement setup between the DUT
and calibration references is the same and is logically grouped together. The schematic only
shows the buffers turned on during a measurement, and not the turned off buffers connected
to the test buses.

The calibration reference parameters are captured in Table 4.1. Round resistor values
were chosen for convenience and assumed to be known without the need for a low-frequency
characterization. Using the resistance-to-S-parameter conversions (4.16), (4.17), and (4.18)

derived in Section 4.3.2, the resulting calibration reference S-parameters are

S _ kll k’lg _ —0.2 0.8 S _ U11 U12 _ —0.1111 0.8889
i P 08 —02 CALZ ™ il Ung 0.8889 —0.1111

S . w11 W12 . 0.6 0
CAL3 Wo1 W22 0 0.6
(4.22)
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Table 4.1: Calibration references (Call, Cal2, and Cal3) component parameters used in
the example.

Parameter | Call | Cal2 | Cal3
Rea 200 €2 | 100 ©2 | 100 ©

First, each calibration reference is measured individually. As for any measurement using
the 4-port, only the S-parameters between the input and output ports are saved, as was
shown in the 4-port to 2-port conversion in Section 4.2. Using the Call measurement as an

example, the 4-port S-parameters saved to construct the 2-port S-parameters are

S _ S31 S32 _ kmll kmlg _ —1.0678 —1.0678 (4 23)
R P lomo1 Koo ~1.0678 —1.0678 '

where Sy cann is the test bus measured S-parameter matrix of Call, s3; is the transmission
from VNA port 1 to 3, s35 is the transmission from VNA port 2 to 3, s41 is the transmission
from VNA port 1 to 4, and sy is the transmission from VNA port 2 to 4. Repeating the

measurement for Cal2 and Cal3 gives

Suy o [umn - _ (21011 —2.1011]
Ul U2 ~2.1011 —2.1011

S ' (4.24)
N [wmn Wins) _ (21355 0 |
W1 Winao 0 —2.1355

where Snyp caiz and Syp caiz are the test bus measured S-parameter matrix of Cal2 and Cal3,

respectively. Finally, the measurement of the DUT gives

—0.3357 0

(4.25)
~10.7373 —1.0873

Sm21  Sm22

Sml1l  Smil2
SM,dut - -

where Sy qut is the test bus measured S-parameter matrix of the DUT. With all the test bus
measurements collected, the next step is to apply the calibration algorithm and de-embed

the DUT.
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Either the DUT, Call, Cal2, or Cal3.

ATI1 AT2

— X5 i —
VNA VNA
Port 1 Port 2

! AT3 AT4 !

— i
VNA VNA
Port 3 Port 4

! !

Figure 4.8: General 4-port test bus measurement setup with the center block switching
between the DUT, Call, Cal2, and Cal3.

The individual S-parameters in (4.22), (4.23), and (4.24) are used to populate the coeffi-
cient and constant matrices of (2.27) and solve for the error parameters. Equation (2.27) is

a general system of equations that can be represented in the general form
Ax=b (4.26)

where A and b are the coefficient and constant matrices (constructed from the values in

(4.22), (4.23), and (4.24)) and x is a matrix of the error parameters. Solving for x gives

1/e23 1 [ 1]
—€00/€e10 0.5405
—e33/€a3 0.5405
X= —e11/e10 = [—0.9917| . (4.27)
—eg2/ €23 —0.9917
(€o1€10 — €00€11)/€10 0.5405
| (e23€32 — €ne33) /€3] | 0.5405 |

With the error parameters in x and test bus measured DUT S-paramters in (4.25), the DUT
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Table 4.2: Calibration extracted DUT transimpedance obtained with the 4-port and 1149.4
test bus using either the ideal low-frequency or high-frequency test bus components.

Test Bus Gain Error
Reference 1000 V/A -
Ideal 1149.4 | 995.1 V/A 0.49 %

Low-Freq. | 4-port | 1000 V/A | 0%
High-Freq. | 1149.4 | 0.9355 V/A | 99.9 %
Errors 4-Port | 1000 V/A | 0%

S-parameters are de-embedded using (2.28) and gives

(4.28)

—0.2346 0
SDUT = [ ] .

8.1759  0.3377

The final step is to take the DUT S-parameters and convert them to the more readable
transimpedance gain to be able to compare them to the expected value. Equation (4.8) uses

Sput and assumes a high-impedance load (I';, = 1) to give the final transimpedance
Z7p = 1000 V/A. (4.29)

This 4-port test bus example is repeated again instead using the high-frequency error com-
ponent parameters. All final transimpedance values are captured in Table 4.2.

This simple simulation shows that, under ideal conditions, the 4-port test bus can per-
fectly extract the DUT S-parameters. The 1149.4 calibration failed to fully account for the

errors present.

4.5 2-Port Test Bus Reverse Signal Requirement

A requirement of the 8-term error model is that all eight terms are nonzero. This raises
questions about applying the 8-term error model to the 2-port test bus, since ideal buffers

only convey signals in one direction. The 4-port test bus, by contrast, provides a defined
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Figure 4.9: Signal flow diagram of the 2-port test bus with weak reverse error signals (eg
and eg3).

buffer for applying a test signal and a defined buffer for reading out the test signal. The
2-port test bus is reliant on the fact a non-ideal buffer will leak signals backward to fulfill
the calibration requirement.

To demonstrate the need for a reverse signal through the buffers, the 8-term error model
calibration signal flow diagram is shown in Fig. 4.9 with the reverse error terms grayed out
(€01 and eg3). Without the reverse error terms, the sgg, s33, and sg3 measurements do not
provide information about the DUT because the DUT does not affect them. Calibration can
then not be performed because the system is ill-conditioned.

Buffers in the 2-port test bus can have enough reverse signal leakage depending on their
design. One way is to have simple buffer designs that depend on the parasitic leakage signal,
which typically increases at higher frequencies. The reverse signal grows large enough to
allow calibration at frequencies where calibration is most likely needed. Therefore, the 2-
port test bus is a viable test bus option, but care must be taken to ensure strong reverse

signals.

4.5.1 Comparison of 2-Port Test Bus

To further illustrate the operation of the 2-port test bus, the 4-port test bus example is
continued in this section. Fig. 4.10 shows the simulation setup of the 2-port test bus. The
schematic is generalized in the same way as the 4-port test bus test setup schematic, with

the turned-off buffers ignored to simplify the diagram. The overall structure stays the same
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Figure 4.10: General 2-port test bus measurement setup with the center block switching
between the DUT, Call, Cal2, and Cal3.

Table 4.3: New current buffer component parameters used in the 2-port test bus example.

Component Gain Zin | Zout | Licak

High-Freq. Errors 0.98 A/A |30 Q| 2k | 7kQ
High-Freq. Errors Zero Reverse | 0.98 A/A |30 Q | 2kQ | 0o

Current Buffer

as you move between the measurements of the DUT and calibration references. Being a
2-port system, test bus measurements are performed with a 2-port VNA. Therefore, there is
no need to do the 4-port to 2-port conversion as is required for the 4-port test bus.

As discussed in the previous section on the reverse signal requirement, the buffers must
have a reverse signal path that travels backward through the buffers. In this example system,
the reverse is provided by the Z. . parameter. The high-frequency version of the current
and voltage buffers both have Z,.,;, = 7 k€2. An additional version of the current buffer is
created for this example with zero reverse signal by setting Z..r = oo €. Table 4.3 contains
the new buffer parameters used for the 2-port test bus example.

After measuring the calibration references and DUT, the error parameters are solved
for and de-embedded from the DUT measurement. Converting the S-parameter to tran-
simpedance gives the final values which are captured in Table 4.4. The 2-port test bus
calibration perfectly extracted the DUT’s high-frequency gain. When the current buffer
with zero reverse signal leakage was used instead, the calibration algorithm failed and gave
Zero.

This ideal simulation verified the calibration procedure math and showed that the 2-
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Table 4.4: Calibration extracted DUT transimpedance obtained with the 2-port test bus
using either the ideal low-frequency, high-frequency, or zero reverse signal high-frequency
test bus components.

Test Bus Gain Error
Reference 1000 V/A -
Ideal 1149.4 995.1 V/A 0.49 %
Low-Freq. 4-Port 1000 V/A 0%
1149.4 0.9355 V/A 99.9 %
High-Freq. 4-Port 1000 V/A 0%
Errors 2-Port 1000 V/A 0 %
2-Port Zero Reverse | 1.3x10712 V/A | 100 %

port test bus can exactly extract the DUT transimpedance given that the reverse signal

requirement is met. When the current buffer reverse signal is set to zero, the algorithm fails.

4.6 Practical Error Block Consideration

An important assumption made in the VNA calibration approach is that the error terms
remain consistent between measurements. To illustrate this, Fig. 4.11 shows the proposed
test bus 2-port calibration model with a notation difference between the error blocks. The
input error blocks are labeled SaA qut, SA calt; SA cal2, and Sa cai3 and the output error
blocks are labeled Sy qut, SB.call, SB.cal2, and S caiz. Referencing back to the 4-port test
bus schematic in Fig. 3.1, physically different buffers are used in each calibration and DUT
measurement. These buffers contribute to the error blocks and the fact that these buffers
are different means that there will always be some amount of difference between them.

A more accurate model acknowledges the difference between the error blocks. The mis-
match will result in an inaccurate calibration because the calibration algorithm assumes
that the errors are consistent. Assuming the error blocks are consistent is fundamental to
setting up the calibration problem. Without it, the goalposts are constantly moving and the

structure of the calibration falls apart.
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Figure 4.11: Network diagram of the proposed test bus calibration model with error block
matching emphasized.

The idea of matching error blocks is a known consideration in traditional VNA calibration.
In a traditional VNA calibration procedure, the probes are moved between measuring the
calibration references and DUT. Each time the probes are moved, the cables may shift
positions or the probe may land on the pad differently. These differences can result in error
block mismatches. VNA measurement guidelines include ways to mitigate these effects and
report typical impacts [44].

Error block mismatch becomes a more significant consideration in the proposed test buses
due to the inclusion of active buffers in the error blocks. Ensuring the buffers match as closely
as possible will give the most accurate calibration results. Matching can be fulfilled on an
IC because of the processes intrinsic ability to match between components nearby. Extra
attention can be paid during the design to not create a circuit sensitive to process differences
and to lay out the components close by.

Putting the matching assumption into an equation, the input and output error blocks of

Fig. 4.11 must be approximately equal across the four measurements

SA_dut =~ SA_call ~® SA_cal2 ~ SA_cal3

(4.30)

SB_dut ~ SB_call = SB_cal2 X SB_cal3
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to enable accurate calibration. Hence, the error blocks are simply referred to as Sp and Sg

in the previous calibration sections.

4.7 Summary

The calibration of the proposed test buses is based on the established general algorithm
from the literature. S-parameters are the final result of a VNA measurement, which can
be directly converted to voltage and current knowing the load impedance. The 4-port test
bus requires an extra 4-port to 2-port conversion to work with the established algorithm.
Calibration references that can be integrated with the test bus are critical to calibration
success. A load resistor is identified as meeting test bus requirements and can be character-
ized using low-frequency measurement in conjunction with the current and voltage buffers.
A numerical simulation showed the 4-port test bus’s performance improvement over 1149.4
at high frequencies. The 2-port test bus calibration requires a reverse signal path and the
calibration performance is again demonstrated with a numerical simulation. With ideal cal-
ibration references and perfectly matched error blocks, the 4-port and 2-port can perfectly

extract the DUT’s performance.
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Chapter 5

PCB Test Bus Experiment

To first test the high-level topology and calibration methodology of the proposed analog
test bus, a discrete component implementation was assembled on a PCB. This PCB experi-
ment takes the first steps in quantifying the real-life performance of the proposed 4-port test
bus without the need of an expensive and time-consuming tape out. The eventual use case
of the proposed analog test bus is integrated within a chip like IEEE 1149.4.

As shown in the previous chapter’s theory and ideal simulations, the 4-port test bus can
accurately extract the high-frequency DUT performance compared to IEEE 1149.4 due to
its VN A-style calibration. To test this hypothesis with a physical implementation, both the
4-port and 1149.4 test buses were built on PCBs using the same components and measuring
the same DUT. Controlling for differences in the buffer and DUT performance isolated the
performance improvement from the different structures and calibration. A performance
difference should be evident at higher frequencies when buffer errors and parasitic elements
become significant.

Three separate PCBs were constructed as part of the test. Two of the PCBs were
the 4-port and IEEE 1149.4 test buses. Constructing both allows for a direct comparison
while controlling variables. The third PCB was constructed of only the DUT to provide a

reference DUT measurement to compare the test bus measurements. The test bus’s were first
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simulated using models of the PCB construction and then physically built and measured.

5.1 Design of Experiment

The 1149.4 and 4-port test bus PCB implementations remain consistent with the struc-
tures originally captured in Fig. 3.1 and Fig. 2.2. The voltage buffers, current buffers,
calibration references, and DUT were created with discrete components that meet the per-
formance requirements as described in the previous two chapters. A simplified schematic of
the PCB implementation of the 4-port test bus is shown in Fig. 5.1 and the 1149.4 test bus
is shown in Fig. 5.2. Both test bus schematics represent the DUT with a high-level block
because they use the same transimpedance amplifier (TTA) circuit. This common circuit is
detailed separately in Fig. 5.3. To be clear, each test bus PCB has its own TIA built on the
PCB. These schematics show in greater detail exactly how the DUT, calibration references,
ports connections, and switches were implemented for the PCB experiment.

The exact same components were used to construct both test buses on separate four-layer
PCBs with similar layouts. High-accuracy passive components were also used to reduce the
likelihood of matching errors. This ensures that any performance differences are a result
of the structure and calibration instead of being related to the limitations of the discrete
components and PCB layout.

The voltage and current buffers were built from Texas Instruments OPA861 transconduc-
tance amplifiers. The OPAS861 is a versatile component that can also operate as a current
conveyor. This versatility means that, depending on how the OPAS861 is connected, it can
behave as a voltage or current buffer. Figs. 5.1 and 5.2 may show the voltage and current
buffers as different symbols, but they are both created by the OPA861 connected in their
different arrangements. Discrete current buffer ICs are not a typical product category and
therefore required the use of OPA861. The OPAS861 chip includes a quiescent current adjust

pin that was connected to a high-accuracy resistor to ensure that all buffers would have the
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Figure 5.1: 4-port test bus PCB experiment schematic.

same quiescent current. The ability to adjust the OPA861 performance is less important
than matching all the buffers. The exact resistor value for the test bus implementations was
250 2+ 0.1%.

To switch on/off the buffers and DUT, discrete dual in-line package (DIP) switches were
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Figure 5.2: TEEE 1149.4 test bus PCB experiment schematic.

inserted on the power traces to cut power to the components. These DIP switches were
manually controlled during the testing process. The buffers and DUT are powered by +5 V
and -5 V and therefore required two DIP switches for each component/group.

The Interconnect Test Circuit block seen previously in the high-level structure of the 4-
port and 1149.4 test buses was not included in the PCB implementation. This block contains
extra functionality for testing the continuity between port connections and is irrelevant to

test bus measurements of an internal DUT. Therefore, the Interconnect Test Circuit was
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Figure 5.3: Schematic of TTA DUT circuit used in the 4-port and 1149.4 test bus PCBs.

omitted from PCB experiment for simplicity and focus on the test bus structure.

The 4-port test bus calibration references were built with +0.1 % accurate resistors
Ry = 100 Q and Ry = 200 2. These resistors were simply placed between the buffers and
provided a relatively low resistance load to the high-resistance current buffer output and
voltage buffer input.

The DUT connected to the test buses are the same typical TIA circuit built using the
Texas Instruments LMH6609 op-amp shown in Fig. 5.3. The transimpedance is determined
by the feedback resistor, in this case chosen to be Rr = 500 2 and therefore Zp ~ 500 V/A.
The stage after the TIA is the op-amp acting as a buffer to drive the output port. The
feedback capacitor is used to shape the TIA frequency response and ended up being tuned
to Cr = 3.3 pF. Rp and Cp were adjusted together to achieve a TIA frequency response
that avoided clipping distortion and preserved high-frequency peaking behavior.

Fig. 5.4 shows a close-up photograph of the final 4-port and 1149.4 test bus PCBs. The
layout of the components closely follows the arrangement seen in the test bus schematics.
The DUT is located at the top with the analog function ports close by. Below the DUT
are the test bus buffers and ports positioned in a consistent and symmetrical manner. The
power connection and DIP switches are placed around the perimeter.

An additional copy of the DUT was built unconnected to any test bus to provide a
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Figure 5.4: Photograph of the final 1149.4 (left) and 4-port (right) test bus PCBs.

directly measured reference transimpedance. Evaluating the performance of the test bus
and comparing comparable values is difficult. There is a difference between measuring the
transimpedance across Analog Function Pin 1 and 2 versus measuring only across the TTA.
That is why a third PCB was built to recreate a DUT measurement looking up from the
test bus. Fig. 5.5 shows the schematic of the reference DUT PCB and Fig. 5.6 shows a
photograph of the PCB. The TIA circuit is position exactly the same as on the test bus
PCBs.

5.2 Simulation Results

The PCB experiment was first simulated to verify that the setup would demonstrate a per-
formance difference between the 4-port and 1149.4 test bus. The simulation was constructed
using PSPICE models provided by Texas Instruments for the OPA861 and LMH6609. Cali-
bration resistors were modeled with ideal resistors. Ports were modeled with a capacitive and
inductive Pi model. The simulation measured the exact S-parameters at the ports. The ref-

erence DUT performance was extracted from the simulation as the transimepedance as seen
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Figure 5.6: Photograph of the final reference TIA DUT PCB.

from the test bus connections. This provides an ideal comparison for what transimpedance
the test bus measures.

Fig. 5.7 shows the results of the SPICE simulation. The 4-port test bus tracked the
reference DUT transimpedance exactly across all frequencies, while the 1149.4 measured
transimpedance peaks higher and rolls off earlier. This error in the 1149.4 result is prob-
ably due to the loading effects and resonance between the buffers and DUT not captured

during the simple 1149.4 calibration. For example, the calibration current buffer with an
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Figure 5.7: Simulation results comparing the transimpedance measured from the proposed
4-port and 1149.4 test bus to a direct measurement of the DUT.

ideal zero-impedance load performs differently from the current buffer loaded by the DUT.
The simulation results confirm a significant difference in accuracy between the test buses

beginning at 10 MHz.

5.3 Measured Results

A Keysight E5063A ENA Vector Network Analyzer performed the S-parameter measure-
ments, and a photo of the benchtop test setup is shown in Fig. 5.8. The 4-port test bus
was measured by moving the 2-port VNA connections between the ports to only collect the
required measurements. The unconnected test ports were terminated with 50 €2 resistors
to prevent floating nodes. With the connections made, the DIP switches were manually
changed to measure the DUT and calibration references.

Before any test bus measurements were made, an initial VNA calibration was performed
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Figure 5.8: Photo of VNA test setup measuring the proposed 4-port test bus.

using the provided electronic calibration module. This calibration step moves the calibration
reference plane to the end of the cables and calibrates the VNA reference impedance.

Fig. 5.9 shows the PCB experimental results of both test buses compared to the di-
rectly measured reference DUT. Both test buses accurately measured the low-frequency
transimpedance of 500 V/A. The 1149.4 test bus starts deviating at 30 MHz while the 4-
port test bus tracks the reference DUT measurement up to 150 MHz. Above 150 MHz the

4-port test bus predicts additional resonating not seen in the reference DUT measurement.

5.3.1 Discussion

The difference between the 4-port test bus and the direct DUT result could be explained
by mismatches in the calibration paths or DUTs. As discussed in Section 4.6, mismatches
between buffers will cause errors in the final results, and these mismatches are amplified at
high frequencies. Additionally, the reference DUT and test bus DUT performance may not
match exactly, and therefore the test bus result would not match exactly.

As indicated by the simulations, when the 4-port test bus has ideal buffer matching

and is compared to an ideal reference DUT measurement, it can exactly de-embed the
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Figure 5.9: Experimental results comparing the proposed 4-port and 1149.4 test bus to a
direct measurement of the DUT.

transimpedance. Implementing the 4-port test bus with discrete components comes with
the challenge of closely matching the measurement paths and obtaining a reference DUT
measurement that mirrors what the test bus sees. Precautions were taken when designing
the PCB to minimize these effects by using high-accuracy passives, symmetrical layout, and
creating a separate reference PCB. Additionally, their is an inherent bandwidth limitation
building on a PCB due to the large PCB parasitic elements.

Integrating the 4-port test bus on-chip would improve the matching between the buffers
and extend the measurement bandwidth. Circuits located on the same chip, especially close
together, are known to match very closely and is a property commonly taken advantage of in
analog circuit design. On-chip circuits are also closer together compared to a PCB meaning
there are less electrically long interconnects between components with significant parasitic
elements.

To the best of the authors” knowledge, VNA calibration has not been used in applications
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where the error blocks include active components. VNA calibration is usually only used to
account for errors occurring from transmission lines and probe/pad parasitic elements. As
long as the components making up the error blocks can be represented using S-parameters,
VNA calibration should work. Therefore, the proposed test bus experiment also demon-
strates a unique application of VNA calibration that includes active components in the error
blocks.

The 4-port test bus to 2-port conversion demonstrates an interesting idea that not all
the S-parameters of a system are needed to extract the DUT from the middle. The flow
simplification of the signal flow graph shown in Section 4.2 can be conceptualized as applying
a known signal and measuring the effect of that signal influenced by the DUT. It does not
matter whether the influence is measured by the reflected wave on the same input port or a
separate port whose signal is proportional to the influence. This also eliminates the challenge
of measuring the forward and reflected waves with a directional couple. The measurement

system could be simplified with only a source and a 50 €2 loaded signal measurement.

5.4 Summary

The 4-port and 1149.4 test buses were implemented on PCBs to test and compare the
performance of their structures and calibration. Discrete current and voltage buffer 1Cs
were used to create the test buses and measure the same TIA DUT. The components are
switched off using DIP switches connected to the power traces running to each IC. The
simulation results demonstrate the 4-port test bus’s ability to precisely extract the DUT
performance under ideal conditions. The 1149.4 test bus measurement, on the other hand,
became inaccurate at the edge of the TIA’s bandwidth. The experimental measurement
confirmed these results, showing that the 4-port test bus more accurately tracks the reference
transimpedance across the bandwidth. FErrors between the 4-port test bus and reference

transimpedance are present and are likely due to mismatch between buffers and DUTs.
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Chapter 6

Extending the Test Bus to the IC

The main advantage of the proposed test bus structures is the extended measurement
bandwidth afforded by the calibration procedure. This opens the possibility of using analog
test buses in applications not previously feasible, such as integrated RF and mmWave cir-
cuits. In addition, analog test buses are used to provide on-chip analog testing capabilities,
and therefore it is critical to examine how the proposed test buses translate to the IC. This
section presents the design and simulation of the 4-port and 2-port test buses in a high-
speed BiCMOS process aimed at a wide-bandwidth TIA DUT. The major challenges with

IC integration are highlighted with additional simulations.

6.1 Challenges of IC Integration

The high-level structure presented in Chapter 3 is again used to construct the integrated
test buses. This experiment will implement both the 4-port and 2-port test buses. An 1149.4
test bus is also created to provide a performance comparison. Like the PCB experiment,
all test buses are constructed of the same fundamental components: voltage buffer, current
buffer, switches, and TTIA DUT. The process technology used is the Global Foundries 90nm
BiCMOS SiGe 9HP.

Integrating the proposed test bus design presents unique considerations compared to the
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PCB implementation with discrete components. No standard buffer design is available for
the implementation of voltage and current buffers. Ideal DIP switches are not available on-
chip and therefore require a different approach to turn off the buffers. Creating an on-chip

calibration reference also has additional requirements.

6.1.1 Buffers with Power On/Off Ability

The current and voltage buffers are built from the same current conveyor circuit block.
A current conveyor design was necessary to create a simple current buffer. Conveniently, a
current conveyor can also be used as a simple voltage buffer and was therefore used for the
test bus voltage buffers.

Fig. 6.1 shows the single-ended current conveyor design which is based on the design first
presented by Seguin et al. [45]. Creating a current conveyor in a BiICMOS process has the
constraint of not having PNP BJTs available. Therefore, NMOS and PMOS current mirrors
are used to establish biasing of the NPN BJT current conveyor pair. The input/output nodes
are labeled with conventional current conveyor node notation X, Y, and Z. Depending on
the connections to the X, Y, and Z nodes, the current conveyor block behaves as a voltage or
current buffer. The arrangements are shown in Fig. 6.2. Vj;.s1 and Ve are voltage sources
that create 400 mV and 2 V, respectively. Cntrl is a digital control signal that turns the
buffer on or off. I;, and I,,; are the input and output of the current buffer. V;, and V,,; are
the input and output of the voltage buffer.

Turning off the buffers, so that no signal can travel through the buffers, is done through
switches located in the biasing current mirror and internal base node. S1 and S2 disconnect
the reference current and set the gate to ground, turning off M5-7 and M1-3. To help ensure
that no signal can leak through Q2 or Q3, S3 is included to connect the bases to ground.
Switches are built out of transmission gates.

Ideally, there is zero signal transmission through the switched off buffers, although some

amount of signal leakage is expected due to capacitive coupling. Fig. 6.3 shows the results of
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Figure 6.1: Current conveyor (CCII) [45] with power off switches S1-3.
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Figure 6.2: Current and voltage buffer arrangements of the current conveyor.

a simulation measuring the forward transmission S-parameter (s9;) through a switched off
voltage and current buffer. Each buffer’s so; is presented with and without S3 present in the
current conveyor circuit. The figure shows that the overall s5; magnitude stays small and
the current conveyor with S3 produces a slight decrease in the leakage signal. With no other
downsides observed of using S3, the current conveyor with S3 was used for the experiment.

An alternative approach to turning off a circuit block is to disconnect the power source
(Vdd) from the circuit block. This is the approach taken in the PCB experiment presented
in Chapter 5 because it was the only way to disable the discrete components. Following the
power source switch train of thought would suggest using the same approach for the on-chip

BiCMOS current conveyor. The power switches are transmission gates located between the
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Figure 6.3: Comparison of buffers turned off with and without the presence of S3 connecting
internal base to ground. Monte Carlo simulation with the average and standard deviation
(Std) plotted.

source terminals of M1-3 and Vdd. Only disconnecting the power source is not sufficient to
completely disable the current conveyor. Switches to disconnect the current mirror (S1 and
S2) are required to completely turn off M5-6. Otherwise, the gate voltage will remain high
and draw current.

Knowing that a current mirror disconnect is required raises the question of whether power
switches improve switched-off performance. Fig. 6.4 shows the results of an experiment that
compared the |sy; | leakage signal through a current and voltage buffer with different arrange-
ments of S3 and power switches. Including power switches in the current conveyor did not
provide an advantage over the S3 switch. In addition, power switches have the disadvantage
that they need to be large devices to sufficiently reduce their resistance. Therefore, the

current conveyor design did not include the power switches and only used S1-3.
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Figure 6.4: Comparison of buffers turned off with the four combinations of S3 and power
switches present or not. Monte Carlo simulation with only the average plotted.

6.1.2 Buffers with Reverse Signal Transmission

The 2-port test bus can be applied to the BICMOS experiment unlike the PCB implemen-
tation because the buffers feature enough reverse signal transmission to properly measure
the calibration references and perform the calibration. Fig. 6.5 shows the reverse signal
transmission (s12) through the current and voltage buffer. The reverse signals start near
zero and grow to more than 0.1. Below 2 GHz the 2-port calibration will fail due to the
small and inaccurate reverse signal. Therefore, a different calibration approach could be
used like simple gain calibration.

The current conveyor facilitates enough reverse signal transmission using a simple design.
The signal only needs to be capacitively coupled through a maximum of two transistors.
This contrasts other buffer design options using op-amps that would need to travel through

multiple transistors and large circuit blocks.
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Figure 6.5: Reverse signal transmission through switched on current and voltage buffer.
Monte Carlo simulation with only the average plotted.

6.1.3 On-Chip Calibration References

The calibration references only need to behave as a resistor load in a small-signal equiv-
alent circuit. The best calibration reference is one that can integrate well with the buffers
and provide a stable small signal reference across the frequency bandwidth. A simple load
resistor to ground does not work for this application because it does not establish a DC
voltage biasing point on the buffers similar to the DUT. Unlike the PCB implementation,
a midpoint voltage source is not provided on-chip. Creating an on-chip voltage source with
very low resistance adds significant overhead. Therefore, diode voltage drops are used to
establish the DC point and set the calibration resistance.

A schematic of the on-chip calibration references is shown in Fig. 6.6. The resistors R,
to R, are the only component that changes between the references and are implemented as
basic n-diffusion resistors. The diode-connected transistors provide voltage drops that help
reduce the current draw and resistor sizes. These resistors are sized so that the ratio sets

the center node to 1.11 V. Table 6.1 provides a summary of the resistor values chosen and
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Figure 6.6: 2-port and 4-port test bus calibration references.

Table 6.1: Calibration reference’s component values.

Parameter | Value
R1 243 Q
R2 125 Q
R3 582 2
R4 300 2
Teall 104 Q
Tcal2 230 Q2
Teal3 230 Q2

the equivalent small-signal resistance for calibration.

Included with the calibration references are switches to disable the transistors and stop

current consumption when the references are not in use. The switches are located in the

base - collector connection of the uppermost diode connected transistor. When the reference

is enabled and operating normally, the base - collector connection is shorted, and when

the reference is disabled, the base is connected to ground, turning off the transistor and

preventing current from flowing.

The calibration references are tested separately to prove that they provide consistent
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Figure 6.7: Calibration reference (Call, Cal2, and Cal3) S-parameter performance. Monte
Carlo simulation with the average and + standard deviation (Std) plotted.

S-parameters across the bandwidth of interest. As an example, Fig. 6.7 shows Call S-
parameters with variation from a Monte Carlo simulation. The S-parameters remain consis-
tent across the bandwidth.

Using diode-connected BJTs has advantages over simply creating a voltage divider with
resistors. Less voltage drop across the resistors means that, for a given resistance, less
current is drawn. In addition, the bias voltage is maintained more consistently. For example,
performing a Monte Carlo simulation of Call and recording the DC voltage value of the center
node, gives an average value of 1.08 V and standard deviation of 12.3 mV. Compared to only
using a voltage divider created from two resistors which has an average value of 1.12 V and
a standard deviation of 58.0 mV. Having the center bias voltage be as consistent as possible
is important for the calibration references to match each other both in the differential paths
and between calibration references. It is also important to consistently bias the buffers at

the same point and not induce mismatches between the buffers.
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6.2 BiCMOS Test Bus High-Level Schematic

The proposed 2-port test bus implemented differentially for the BiICMOS experiment is
shown in Fig. 6.8 and the 4-port test bus is shown in Fig. 6.9. The buffers and calibration
references are implemented as shown previously in Figs. 6.1 and 6.6, respectively. Ports
and transmission lines are included in the simulation using the provided models from the
BiCMOS process. Electrostatic discharge (ESD) diodes were added as part of the port
model. In addition, the interconnect test circuit is included to model its parasitic elements.
This includes two open transmission gates and the input of a comparator.

The DUT of the BiICMOS experiment is a high-gain wide-bandwidth TTA as shown in
Fig. 6.10 consisting of a TIA, amplifier, and output buffer. Nodes DUT}, and DUT,,; are

connected to the test bus. The high-speed wide-bandwidth TTA and amplifier circuits were

provided by Babar [46].
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A differential IEEE 1149.4 was also implemented in the BICMOS process using the same

buffers, DUT, and port modeling as the 2-port and 4-port test buses. Another high-level

schematic of the 1149.4 test bus is not included because of the similarities to the 2-port and

4-port figures already presented. Refer to Fig. 2.2 for a reminder of the high-level structure
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Figure 6.10: High-level schematic of the BICMOS experiment TIA DUT showing the TTA,
amplifier, buffer, and port connections.

of the 1149.4 test bus.

6.3 Simulation Results

When simulating the test buses and evaluating their performance, it is important to
perform a Monte Carlo simulation to induce process variation and mismatches between
components. If simply simulating with ideal components, the buffers will match perfectly
and give unrealistically accurate results. Each iteration of the Monte Carlo simulation varies
the overall process parameters and creates mismatches between the individual components.
Mismatches between buffers on a given simulation iteration are of the most consequence.
The proposed test buses should easily account for consistent changes across all components.
Process variation is expected to affect the performance of the DUT. This new performance
becomes the goal of the test bus to extract accurately.

The best performance test evaluates how close the test bus extracted transimpedance
of a given Monte Carlo iteration is to the DUT transimpedance of that same Monte Carlo
iteration. How far the test bus extracted transimpedance is to the DUT transimpedance
will be referred to as the transimpedance difference. If the test bus worked perfectly, then

the transimpedance difference would be zero. The Monte Carlo simulation gives a set of
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transimpedance differences which can be statistically evaluated to get the average transim-
pedence difference and the standard deviation.

Firstly, Fig. 6.11 shows the average transimpedance extracted from the three different
test buses along with the ideal average transimpedance extracted directly from SPICE. This
figure gives an indication of on average how close the test bus extracted transimpedance is
to the ideal SPICE extracted value.

Fig. 6.12 shows the transimpedance difference, as previously defined, of the three test
buses. The 4-port and 2-port test buses are close to zero across the bandwidth of interest.
The 2-port test bus varies around the 0 dB mark at frequencies above 60 GHz compared to
the more consistent 4-port test bus. At low frequencies, the 1149.4 test bus is as accurate as
the other test buses, but at the 20 GHz point it starts to increase in error significantly. In
addition, the 4-port test bus maintains the smallest standard deviation even into the high

frequencies, meaning less variation in the error.

6.3.1 Discussion

These simulation results demonstrate that the 2-port and 4-port test buses improved the
measurement bandwidth over the 1149.4 test bus. The calibration methodology is capable
of extracting errors that affect the test bus performance at very high frequencies.

This simulation provides confidence that the proposed test bus structure can translate
to the IC from the theory and PCB results presented previously in this thesis. The on-chip
voltage buffers, current buffers, and calibration references successfully fulfilled their require-
ments to facilitate high-frequency calibration. In particular, the 2-port test bus buffers had
a sufficient amount of reverse signal leakage to allow the extraction of the error parameters.

The Monte Carlo simulation played a critical role in evaluating the performance of the
test buses. This is because the calibration algorithm assumes identical matching between
components in the test bus structure, which is not realistic for a manufactured IC. There-

fore, the Monte Carlo simulation induces matching and process variations and evaluates the
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Figure 6.11: Monte Carlo simulation showing the average transimpedance measured by the
1149.4, 2-Port, and 4-Port test buses. Exact SPICE extracted transimpedance is included
as a reference.

robustness of the test bus design.

Although the 4-port and 2-port test buses improved the high-frequency measurement
performance, they did not perfectly extract the reference value. This is likely due to mis-
matches in the test bus or deviation of the calibration from their measured values over
frequency. Upon replacing the calibration references with an ideal resistor and simulating
without mismatches or variations, the 4-port and 2-port test buses perfectly extract the
reference transimpedance. This is consistent with the PCB simulation in Section 5.2 that
showed the 4-port test bus exactly overlapping the reference. Therefore, the difference seen
in the Monte Carlo simulation must come from the variation or non-ideal calibration ref-
erences. Improving these aspects should improve the overall accuracy of the proposed test

buses.
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Figure 6.12: Monte Carlo simulation results of the difference between the test bus measured
and ideal SPICE extracted transimpedance. Each result is plotted with the average value
and £ the standard deviation (Std).

The parts of the proposed test buses that are the most difficult to implement are the
calibration references and buffers. The buffers must have close to ideal low-frequency gain
to allow the characterization of the calibration references and have good matching between
each other. It is difficult to match the DUT buffers with the others because of the ways in
which the DUT can affect the buffers differently compared to the references. The calibra-
tion references are a very sensitive component to create on-chip. Reducing the resistance of
the transistors requires increasing the current, while being careful not to exceed the maxi-
mum current rating of the integrated resistors. The calibration references therefore draw a

significant amount of power when turned on.
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6.4 Summary

With the ability to de-embed any high-frequency errors, it is possible to create an analog
test bus that works into the RF and mmWave frequency range. To investigate the high-
frequency on-chip implementation, the proposed test buses are designed and simulated in a
high-speed BICMOS technology. Integrating the proposed test buses comes with a unique set
of challenges in facilitating the calibration procedure. Current and voltage buffer circuits are
powered on/off using carefully placed transmission gates in the biasing circuitry. A sufficient
amount of reverse signal is maintained for the 2-port test bus design using a simple topology.
The on-chip calibration references use diode-connected BJTs to create a low-impedance
reference that also establishes the bias voltage. Monte Carlo simulations that induced process
and mismatch variation showed the 4-port and 2-port test buses outperforming 1149.4 at

frequencies above 20 GHz.
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Chapter 7

Conclusion

The proposed analog test bus theory, simulations, and experiments covered in this thesis
are summarized in the following section. Lastly, a detailed discussion on future work is given,

including recommendations on future experiments and circuit improvements.

7.1 Summary

Testing is a critical part of the semiconductor manufacturing process to ensure that ICs
meet the specifications promised to the customer. Analog and mixed-signal circuit testing
is the most difficult, time consuming, and costly type of testing that needs to be performed.
Many different test strategies exist for analog and mixed-signal circuits, usually relying on
quality test equipment, DfT and BIST strategies, or both. Analog test buses are a simple
and versatile strategy that feeds test signals throughout an IC with built-in switches and
buses. All previous analog test bus implementations found in the literature are limited in
their maximum operating frequency. This problem has prevented analog test buses from
being widely adopted and used in high-frequency applications. High-speed test equipment,
such as a VNA, is capable of measuring very high-frequency circuits, partly because of their
excellent calibration procedure that accounts for errors in the measurement setup.

This thesis proposed an analog test bus structure that integrates calibration references
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within the test bus to fully account for the measurement errors introduced by the test
bus. Characterizing and de-embedding these errors extends the measurement bandwidth
of the test bus. This is possible because the calibration uses a generic 2-port network
to model the errors, which means it accounts for not only gain, but also reflections and
reverse transmission. The test bus topology is based on current and voltage buffers arranged
symmetrically around the DUT and calibration references. The ability to turn the current
and voltage buffers on or off determines what the test bus is measuring. 4-port and 2-port
versions of the proposed test bus were created, with the 4-port version being the most robust
with dedicated input and output ports.

The established VNA calibration algorithm was applied to the proposed test bus to
extract the error parameters. To make the 4-port test bus compatible with the algorithm,
a conversion was presented and verified to simplify the 4-port error model to the standard
8 error parameters. Part of the proposed test bus structure are the proposed calibration
references that integrate within the test bus. A load resistor small-signal equivalent topology
is proposed that can be characterized with a low-frequency measurement. An example
simulation under ideal conditions showed that 4-port and 2-port test buses can exactly
measure the DUT transimpedance even in the presence of high-frequency errors. In contrast,
the 1149.4 test bus and its simple gain calibration procedure failed to measure the DUT
transimpedance. The simulation verified that with exactly known calibration references and
perfectly matching buffer circuits with strong signals, the proposed test bus can extract the
high-frequency behavior of the DUT.

To test the proposed test bus, an experiment was designed that implemented the 4-port
and 1149.4 test buses on a PCB using discrete components. The goal was to accurately
measure the transimpedance of a TTA across the entire frequency range. DIP switches were
used to turn on/off the buffer components and the calibration references were created using
simple resistors. The test buses were measured using a 2-port VNA and compared to a refer-

ence PCB of just the TIA circuit. After measuring and applying the calibration algorithms,
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the 4-port test bus more closely tracked the reference measurement for all frequencies. The
1149.4 test bus accurately measured the low-frequency transimpedance, but reported the res-
onance and roll-off earlier than the 4-port test bus. The experiment verified the ability of the
4-port test bus to correct for high-frequency errors at the edge of the TIA’s bandwidth. The
results did not match perfectly with the reference measurement due to a practical limitation
in matching between buffers and the consistency of the calibration references.

Additional challenges are presented when building the proposed test bus on-chip. A
transistor-level design of the proposed test bus in a high-speed BiCMOS process was sim-
ulated to evaluate the integration challenges and performance. The current and voltage
buffers were created with the same current conveyor circuit that can be turned on/off using
transmission gate switches located in the bias circuitry. The buffers met the 2-port test bus
reverse signal requirement by keeping the buffer circuit simple and using the coupling ca-
pacitance. Diode-connected transistors were used to create the calibration references. These
references provided voltage biasing for the buffers and created a stable low-resistance path
with as little current consumption as possible. A Monte Carlo simulation was used to in-
duce process and mismatch variations to test performance under non-ideal conditions. The
simulation results showed the 4-port and 2-port test bus with errors less than 2.5 dB across
the frequency range 0 - 100 GHz. 1149.4 error grows larger than 2.5 dB at the 30 GHz
mark. These simulations again verified the ability of the proposed test bus to calibrate for

high-frequency errors more accurately than 1149.4 even under mismatch uncertainty.

7.2 Future Work

The content of this thesis is the first time the proposed analog test bus has been built and
tested. Given that this is the first time, the scope was kept small and focused on evaluating
the test bus’s critical ideas. Therefore, there is much potential future work to test the

proposed analog test bus in larger experiments and in different applications. In addition,
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through this initial experiment, many potential improvements were found that need to be
further investigated.

The next practical experiment is to tape-out the proposed analog test bus with multiple
DUTSs connected to it and experiment with the real-life implementation. The IC simulations
in Chapter 6 demonstrate that the proposed test bus can extend the measurement bandwidth
up to 100 GHz. One could start with a less extreme frequency requirement with the first
tape-out. If the goal is to demonstrate an improvement over 1149.4, one only needs a DUT
that will showcase the different calibration procedures and that does not need to be at
mmWave frequencies.

This thesis focused on measuring the transimpedance of a TTA. The next experiments
should use other kinds of DUTs and measure other parameters such as voltage gain. This
will require special attention at the input of the DUT where the current buffer injects the
test signal. For the 4-port test bus at low frequencies, the voltage buffer can be used to
measure the applied voltage signal. The 2-port test bus does not have this ability and needs
the high-frequency calibration to calculate the voltage.

There are multiple potential improvements to the proposed test buses to investigate.
Creating accurate and consistent on-chip calibration references is difficult. One could look
into calibration references that do not require as much current to obtain a low resistance.
Maybe it is best to add a dedicated reference voltage test port so that a simple resistor
calibration reference can be used like the PCB experiment.

Further experiments on the ideal calibration reference resistance values are needed. This
thesis chose to use 100 - 400 €2 small-signal equivalent values. Low values near the char-
acteristic impedance of the system (50 €2) were observed to give greater differences in the
S-parameter values and better results. Having values go up to 400 €2 was a practical trade-off
to be able to build them. A more thorough analysis could find what the idea resistor values
are and which combination of them gives the best results.

There is a potential to use an integrated electronic calibration reference instead of the
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calibration reference resistors. The proposed test bus would be simplified by only needing
a single connection from the test bus for the calibration instead of the three needed now.
The most promising strategy is one similar to that presented by Chien and Niknejad [42]. A
CMOS transistor is essentially used as a variable load resistor by varying the gate voltage.
This strategy would reduce the silicon area of the test bus and the mismatch errors between
buffers by removing half of them.

In addition, a more advanced VNA-style calibration technique could be employed that
allows for unknown parameters in the calibration error model. This could decouple the
parasitic elements that have the greatest impact on the calibration reference performance.
Many existing VNA calibration algorithms use this technique to rely on the most accurate
parts of their calibration structures.

One of the next experiments should also be a completely CMOS implementation of the
proposed analog test bus. The IC simulation in Chapter 6 used a BiCMOS process to push
the limits of the test bus to demonstrate its use in potential RF and mmWave applications.
There is no reason why the high-level structure could not be used in CMOS applications
to extend the measurement bandwidth. A CMOS implementation could use transmission
gates instead of buffers as the test buses switchable elements. Creating on-chip calibration
references would need to be re-evaluated since the BiCMOS references do not translate
directly.

Lastly, there is potential to take advantage of the 4-port to 2-port conversion of the
proposed calibration procedure and apply it to some new test structures. Since one does
not use a directional coupler to get the incident and reflected signals, maybe the test signal

generator and measurement can be moved on-chip.
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