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ABSTRACT

The Serge Triple Waveshaper (TWS) is a synthesizer module de-
signed in 1973 by Serge Tcherepnin, founder of Serge Modular
Music Systems. It contains three identical waveshaping circuits
that can be used to convert sawtooth waveforms into sine waves.
However, its sonic capabilities extend well beyond this particular
application. Each processing section in the Serge TWS is built
around what is known as a Norton amplifier. These devices, unlike
traditional operational amplifiers, operate on a current differencing
principle and are featured in a handful of iconic musical circuits.
This work provides an overview of Norton amplifiers within the
context of virtual analog modeling and presents a digital model
of the Serge TWS based on an analysis of the original circuit.
Results obtained show the proposed model closely emulates the
salient features of the original device and can be used to generate
the complex waveforms that characterize “West Coast” synthesis.

1. INTRODUCTION

In the early 1970s, during the heyday of companies like Moog,
ARP, and Buchla, access to modular synthesizers was mostly re-
stricted to renowned musicians and members of the academic com-
munity. In those days a decently-equipped modular synthesizer,
such as the Moog System 551, could easily cost tens of thousands
of dollars. Frustrated by the high price tags of these instruments,
Serge Tcherepnin, a then-professor of music composition at Cali-
fornia Institute of the Arts (CalArts) decided to design a modular
synthesizer that would be both affordable and powerful. With the
support of a few CalArts students and faculty members, Serge set
up a scheme in which people would pay $700 up front for parts
and work on an improvised assembly line building their own six-
module system [1, 2]. Serge’s synthesizers became so successful
that in 1975 he decided to leave his teaching position at CalArts to
found Serge Modular Music Systems.

Since the beginning, Serge’s approach to synthesizer design
was heavily inspired by the work of Don Buchla on what is now
known as “West Coast” synthesis. West Coast synthesis explored
the use of non-traditional interfaces, such as step sequencers, and
focused on timbre manipulation at waveform level via some form
of nonlinear waveshaping [3]. In particular, Serge proposed ex-
panding the signal path used in traditional subtractive synthesis by
adding a “Wave Processor” stage between the oscillator and the
voltage-controlled filter (VCF) [1]. Modules such as the Serge
Wave Multipliers (VCM) [4], and the Triple Waveshaper (TWS)
were designed for this purpose.

⇤ Correspondence related to this work should be addressed to
geoffrey.gormond@gmail.com

1https://www.moogmusic.com/products/modulars/system-55

In this work we study the internal design of the Serge TWS
module and propose a model for its digital implementation. The
TWS is a processing module designed in 1973 as part of the first
generation of Serge modules. As explained by Rich Gold2 in his
book An Introduction to the Serge Modular Music System, “the
TWS module contains three identical devices which can be used
to convert sawtooth waves into sine waves and can provide a wide
range of other forms of sound and timbre modification. The timbre
can be affected by a manual pot and two different VC inputs which
operate on the sound in two different ways. It is a useful module
for producing interesting and changing sound timbres, something
difficult to achieve in other synthesizers” [5].

The motivation behind this study is to provide a better under-
standing of the Serge TWS, of which there is very little informa-
tion available in the public domain, and to produce a “virtual ana-
log” (VA) model that can be incorporated into a software-based
synthesis environment. VA modeling is a popular area of study
dedicated to emulating the behavior of vintage analog audio de-
vices in the digital domain. This is highly desirable partly because
nearly fifty years later, vintage analog synthesizers are still pro-
hibitively expensive and hard to have access to. In a way, the mo-
tivation behind this kind of research is not much different from
that of Serge Tcherepnin’s when he started designing musical in-
struments.

Previous research on VA modeling of synthesizer circuits has
concentrated on VCFs [6, 7, 8, 9, 10], oscillators [11, 12, 13], and
effects processors [4, 14, 15]. Of related interest to this study
is the pioneering work done during the 1970s on digital wave-
shaping synthesis [16, 17, 18]. This type of synthesis (much like
West Coast synthesis) exploited the use of nonlinear waveshap-
ing, e.g., via Chebyshev polynomials, to create harmonically-rich
sounds from sinusoidal waveforms. These techniques are, in turn,
closely related to popular digital synthesis methods such as fre-
quency modulation and phase distortion synthesis [19, 20], which
also relied on spectral manipulation via attribute modulation.

This paper is organized as follows. Section 2 provides an
overview of Norton amplifiers, the component around which the
module is based. Section 3 focuses on the analysis of the Serge
TWS circuit. In Section 4 we observe the time- and frequency-
domain behavior of the proposed model. Finally, Section 5 pro-
vides concluding remarks.

2Rich Gold was part of the group of CalArts affiliates who worked on
the design of the first Serge synthesizers. He was also responsible for the
design of many of the emblematic Serge panels, which featured geometri-
cal shapes instead of text labels [1].
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(a)(a) (b)(b)

Figure 1: Circuit diagram for (a) the input stage and (b) a sim-
plified equivalent circuit of a typical Norton amplifier. Figures
adapted from [22].

2. NORTON AMPLIFIERS

Whereas the output voltage of the common operational amplifier is
proportional to the voltage difference across its input terminals, the
output of a Norton amplifier is proportional to the difference in the
currents flowing into its input terminals [21]. Accordingly, Norton
amplifiers are said to operate on a current differencing principle.
This functionality is achieved by replacing the typical differential
opamp input stage with a transistor configuration employing a cur-
rent mirror at the positive input terminal to drain current from the
negative input terminal, as shown in Fig. 1(a). As a first large-
signal approximation, and as suggested in [22], a Norton amplifier
can be modeled by the circuit shown in Fig. 1(b). Here, the tran-
sistor at the negative input terminal has been abstracted to a single
base–emitter junction diode. Similarly, the current mirror has been
reduced to a diode at the positive terminal and a current source that
drains a replica of the positive input current from the negative ter-
minal. A bias current source is added to the negative terminal and
the output is represented as a voltage source that depends on the
input currents. When negative feedback is applied, the output of
the device settles at a voltage that minimizes the current difference
between the input terminals [23]. This behavior is similar to that of
conventional op-amps that seek to minimize the voltage difference
across the inputs under negative feedback.

In typical applications, the diode at the negative input termi-
nal remains forward biased if the small bias current Ibias = 30 nA
is supplied to the negative input. Usually, this current is available
when negative feedback is applied. The diode associated with the
current mirror at the positive input terminal is commonly biased
separately with a resistive connection to the power supply [24, 25].
With the diodes forward biased, the input terminals of the device
are clamped to a diode drop above ground potential and the in-
put pins can be treated as fixed voltage nodes. This fixed voltage
assumption is the basis for many of the circuit design equations
associated with Norton amplifiers [22, 23].

Compared to voltage-differencing operational amplifiers, Nor-
ton amplifiers are relatively uncommon devices in audio applica-
tions. Nevertheless, iconic vintage devices, such as VCFs in ARP
synthesizers [26, 27], were designed around the LM3900; an inte-
grated circuit housing four identical Norton amplifiers. This–now
obsolete–device was favored by circuit designers for various ap-
plications due to its compactness, low cost and robust operation
with a wide range of unipolar supply voltages. For instance, the
LM3900 is capable of nearly full output voltage swings from ap-
proximately ground level (around 90 mV) to one diode drop be-
low the supply voltage while maintaining stability [22]. The de-
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<latexit sha1_base64="zKhp0bVgpsUGFDEZgteX4NwRND4=">AAAB83icbVA9TwJBEJ3DLwQ/UEubi2hiRe5o1I6ExhITD0jgQvaWBTbs7Z27c0RyofFP2FiosfU/+Bus9N+4fBQKvmSSl/dmMjMviAXX6DjfVmZtfWNzK7udy+/s7u0XDg7rOkoUZR6NRKSaAdFMcMk85ChYM1aMhIFgjWBYnfqNEVOaR/IWxzHzQ9KXvMcpQSP59U4b2T0mcVotTzqFolNyZrBXibsgxUr+4esDAGqdwme7G9EkZBKpIFq3XCdGPyUKORVskmsnmsWEDkmftQyVJGTaT2dHT+wzo3TtXqRMSbRn6u+JlIRaj8PAdIYEB3rZm4r/ea0Ee5d+ymWcIJN0vqiXCBsje5qA3eWKURRjQwhV3Nxq0wFRhKLJKWdCcJdfXiVeuXRVcm7cYuUU5sjCMZzAObhwARW4hhp4QOEOHuEZXqyR9WS9Wm/z1oy1mDmCP7DefwBztpQ7</latexit>

VC2
<latexit sha1_base64="zKhp0bVgpsUGFDEZgteX4NwRND4=">AAAB83icbVA9TwJBEJ3DLwQ/UEubi2hiRe5o1I6ExhITD0jgQvaWBTbs7Z27c0RyofFP2FiosfU/+Bus9N+4fBQKvmSSl/dmMjMviAXX6DjfVmZtfWNzK7udy+/s7u0XDg7rOkoUZR6NRKSaAdFMcMk85ChYM1aMhIFgjWBYnfqNEVOaR/IWxzHzQ9KXvMcpQSP59U4b2T0mcVotTzqFolNyZrBXibsgxUr+4esDAGqdwme7G9EkZBKpIFq3XCdGPyUKORVskmsnmsWEDkmftQyVJGTaT2dHT+wzo3TtXqRMSbRn6u+JlIRaj8PAdIYEB3rZm4r/ea0Ee5d+ymWcIJN0vqiXCBsje5qA3eWKURRjQwhV3Nxq0wFRhKLJKWdCcJdfXiVeuXRVcm7cYuUU5sjCMZzAObhwARW4hhp4QOEOHuEZXqyR9WS9Wm/z1oy1mDmCP7DefwBztpQ7</latexit>

VC1
<latexit sha1_base64="HZ5hidvIGvmmmHoDvLSmr1HU708=">AAAB83icbVC7TsNAEFzzDAmPACWNRUCiimwaoIuUhjJIOImUWNH5ck5OOZ/N3ToistLwEzQUgGj5B76BCv6Gy6OAhJFWGs3sancnSATX6Djf1srq2vrGZm4rX9je2d0r7h/UdZwqyjwai1g1A6KZ4JJ5yFGwZqIYiQLBGsGgOvEbQ6Y0j+UtjhLmR6QnecgpQSP59U4b2T2mSVZ1x51iySk7U9jLxJ2TUqXw8PUBALVO8bPdjWkaMYlUEK1brpOgnxGFnAo2zrdTzRJCB6THWoZKEjHtZ9Ojx/apUbp2GCtTEu2p+nsiI5HWoygwnRHBvl70JuJ/XivF8NLPuExSZJLOFoWpsDG2JwnYXa4YRTEyhFDFza027RNFKJqc8iYEd/HlZeKdl6/Kzo1bqpzADDk4gmM4AxcuoALXUAMPKNzBIzzDizW0nqxX623WumLNZw7hD6z3H3IylDo=</latexit>

VC1
<latexit sha1_base64="HZ5hidvIGvmmmHoDvLSmr1HU708=">AAAB83icbVC7TsNAEFzzDAmPACWNRUCiimwaoIuUhjJIOImUWNH5ck5OOZ/N3ToistLwEzQUgGj5B76BCv6Gy6OAhJFWGs3sancnSATX6Djf1srq2vrGZm4rX9je2d0r7h/UdZwqyjwai1g1A6KZ4JJ5yFGwZqIYiQLBGsGgOvEbQ6Y0j+UtjhLmR6QnecgpQSP59U4b2T2mSVZ1x51iySk7U9jLxJ2TUqXw8PUBALVO8bPdjWkaMYlUEK1brpOgnxGFnAo2zrdTzRJCB6THWoZKEjHtZ9Ojx/apUbp2GCtTEu2p+nsiI5HWoygwnRHBvl70JuJ/XivF8NLPuExSZJLOFoWpsDG2JwnYXa4YRTEyhFDFza027RNFKJqc8iYEd/HlZeKdl6/Kzo1bqpzADDk4gmM4AxcuoALXUAMPKNzBIzzDizW0nqxX623WumLNZw7hD6z3H3IylDo=</latexit>

Vout
<latexit sha1_base64="AZWn3emvNUsmcS8mlgLZaL0QcJI=">AAAB9HicbVA9TwJBEJ3zAxFFUUubjWhiRe5s1I7ExhITD0jgJHvLAhv2bi+7cyq5kPgzbCzU2Ppj7Pw3Lh+Fgi+Z5OW9mczMCxMpDLrut7Oyurae28hvFra2izu7pb39ulGpZtxnSirdDKnhUsTcR4GSNxPNaRRK3giHVxO/cc+1ESq+xVHCg4j2Y9ETjKKV7uqdNvJHTJNMpTjulMpuxZ2CLBNvTsrVXDH3BAC1Tumr3VUsjXiMTFJjWp6bYJBRjYJJPi60U8MTyoa0z1uWxjTiJsimV4/JiVW6pKe0rRjJVP09kdHImFEU2s6I4sAsehPxP6+VYu8iyEScpMhjNlvUSyVBRSYRkK7QnKEcWUKZFvZWwgZUU4Y2qIINwVt8eZn4Z5XLinvjlavHMEMeDuEITsGDc6jCNdTABwYanuEV3pwH58V5dz5mrSvOfOYA/sD5/AHhlZOc</latexit>

Vout
<latexit sha1_base64="AZWn3emvNUsmcS8mlgLZaL0QcJI=">AAAB9HicbVA9TwJBEJ3zAxFFUUubjWhiRe5s1I7ExhITD0jgJHvLAhv2bi+7cyq5kPgzbCzU2Ppj7Pw3Lh+Fgi+Z5OW9mczMCxMpDLrut7Oyurae28hvFra2izu7pb39ulGpZtxnSirdDKnhUsTcR4GSNxPNaRRK3giHVxO/cc+1ESq+xVHCg4j2Y9ETjKKV7uqdNvJHTJNMpTjulMpuxZ2CLBNvTsrVXDH3BAC1Tumr3VUsjXiMTFJjWp6bYJBRjYJJPi60U8MTyoa0z1uWxjTiJsimV4/JiVW6pKe0rRjJVP09kdHImFEU2s6I4sAsehPxP6+VYu8iyEScpMhjNlvUSyVBRSYRkK7QnKEcWUKZFvZWwgZUU4Y2qIINwVt8eZn4Z5XLinvjlavHMEMeDuEITsGDc6jCNdTABwYanuEV3pwH58V5dz5mrSvOfOYA/sD5/AHhlZOc</latexit>

LM3900
<latexit sha1_base64="MV63rAWQ0Mi1vjVxK1xU015s/Pg=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFqNgFfa00HQBGwuFCF4SSI6wt9lL1uzdHrt7QjjyH2wsVGz9QXb+GzfJFZr4YODx3gwz84JEcG0w/nYKK6tr6xvFzdLW9s7uXnn/oKllqijzqBRStQOimeAx8ww3grUTxUgUCNYKRtdTv/XElOYyfjDjhPkRGcQ85JQYKzVv7y5qGPfKFVzFM6Bl4uakAjkavfJXty9pGrHYUEG07rg4MX5GlOFUsEmpm2qWEDoiA9axNCYR0342u3aCTq3SR6FUtmKDZurviYxEWo+jwHZGxAz1ojcV//M6qQmv/IzHSWpYTOeLwlQgI9H0ddTnilEjxpYQqri9FdEhUYQaG1DJhuAuvrxMvPNqrYrvzyv1kzyNIhzBMZyBC5dQhxtogAcUHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4AbXqNzg==</latexit>

LM3900
<latexit sha1_base64="MV63rAWQ0Mi1vjVxK1xU015s/Pg=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFqNgFfa00HQBGwuFCF4SSI6wt9lL1uzdHrt7QjjyH2wsVGz9QXb+GzfJFZr4YODx3gwz84JEcG0w/nYKK6tr6xvFzdLW9s7uXnn/oKllqijzqBRStQOimeAx8ww3grUTxUgUCNYKRtdTv/XElOYyfjDjhPkRGcQ85JQYKzVv7y5qGPfKFVzFM6Bl4uakAjkavfJXty9pGrHYUEG07rg4MX5GlOFUsEmpm2qWEDoiA9axNCYR0342u3aCTq3SR6FUtmKDZurviYxEWo+jwHZGxAz1ojcV//M6qQmv/IzHSWpYTOeLwlQgI9H0ddTnilEjxpYQqri9FdEhUYQaG1DJhuAuvrxMvPNqrYrvzyv1kzyNIhzBMZyBC5dQhxtogAcUHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4AbXqNzg==</latexit>

All diodes 1N4148
<latexit sha1_base64="sSTg8gqANJKkAwOGlRIVA1tCL44=">AAAB+XicbVBNT8JAEN36ifhV9OhlI5p4Ii0hEW8YL54MJlZIoCHb7RQ2bLvN7lZDkJ/ixYMar/4Tb/4bF+hBwZdM8vLeTGbmBSlnSjvOt7Wyura+sVnYKm7v7O7t26WDeyUyScGjggvZDogCzhLwNNMc2qkEEgccWsHwauq3HkAqJpI7PUrBj0k/YRGjRBupZ5cuOcchEyEo7N7U3Fq9Z5edijMDXiZuTsooR7Nnf3VDQbMYEk05UarjOqn2x0RqRjlMit1MQUrokPShY2hCYlD+eHb6BJ8aJcSRkKYSjWfq74kxiZUaxYHpjIkeqEVvKv7ndTId1f0xS9JMQ0Lni6KMYy3wNAfzswSq+cgQQiUzt2I6IJJQbdIqmhDcxZeXiVetXFSc22q5cZKnUUBH6BidIRedowa6Rk3kIYoe0TN6RW/Wk/VivVsf89YVK585RH9gff4ASxGSKQ==</latexit>

All diodes 1N4148
<latexit sha1_base64="sSTg8gqANJKkAwOGlRIVA1tCL44=">AAAB+XicbVBNT8JAEN36ifhV9OhlI5p4Ii0hEW8YL54MJlZIoCHb7RQ2bLvN7lZDkJ/ixYMar/4Tb/4bF+hBwZdM8vLeTGbmBSlnSjvOt7Wyura+sVnYKm7v7O7t26WDeyUyScGjggvZDogCzhLwNNMc2qkEEgccWsHwauq3HkAqJpI7PUrBj0k/YRGjRBupZ5cuOcchEyEo7N7U3Fq9Z5edijMDXiZuTsooR7Nnf3VDQbMYEk05UarjOqn2x0RqRjlMit1MQUrokPShY2hCYlD+eHb6BJ8aJcSRkKYSjWfq74kxiZUaxYHpjIkeqEVvKv7ndTId1f0xS9JMQ0Lni6KMYy3wNAfzswSq+cgQQiUzt2I6IJJQbdIqmhDcxZeXiVetXFSc22q5cZKnUUBH6BidIRedowa6Rk3kIYoe0TN6RW/Wk/VivVsf89YVK585RH9gff4ASxGSKQ==</latexit>

1M5
<latexit sha1_base64="RAQvcY5DnM0kIiBt396Ecg3YwdY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0kKot4KXrwIFY0ttKFsttN26WYTdjdCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fPOo4VQx9FotYtUKqUXCJvuFGYCtRSKNQYDMcXU/95hMqzWP5YMYJBhEdSN7njBor3Xu3591yxa26M5Bl4uWkAjka3fJXpxezNEJpmKBatz03MUFGleFM4KTUSTUmlI3oANuWShqhDrLZqRNyapUe6cfKljRkpv6eyGik9TgKbWdEzVAvelPxP6+dmv5lkHGZpAYlmy/qp4KYmEz/Jj2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXi16pXVfeuVqmf5GkU4QiO4Qw8uIA63EADfGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPuT4z+</latexit>

1M5
<latexit sha1_base64="RAQvcY5DnM0kIiBt396Ecg3YwdY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0kKot4KXrwIFY0ttKFsttN26WYTdjdCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fPOo4VQx9FotYtUKqUXCJvuFGYCtRSKNQYDMcXU/95hMqzWP5YMYJBhEdSN7njBor3Xu3591yxa26M5Bl4uWkAjka3fJXpxezNEJpmKBatz03MUFGleFM4KTUSTUmlI3oANuWShqhDrLZqRNyapUe6cfKljRkpv6eyGik9TgKbWdEzVAvelPxP6+dmv5lkHGZpAYlmy/qp4KYmEz/Jj2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXi16pXVfeuVqmf5GkU4QiO4Qw8uIA63EADfGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPuT4z+</latexit>

1M5
<latexit sha1_base64="RAQvcY5DnM0kIiBt396Ecg3YwdY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0kKot4KXrwIFY0ttKFsttN26WYTdjdCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fPOo4VQx9FotYtUKqUXCJvuFGYCtRSKNQYDMcXU/95hMqzWP5YMYJBhEdSN7njBor3Xu3591yxa26M5Bl4uWkAjka3fJXpxezNEJpmKBatz03MUFGleFM4KTUSTUmlI3oANuWShqhDrLZqRNyapUe6cfKljRkpv6eyGik9TgKbWdEzVAvelPxP6+dmv5lkHGZpAYlmy/qp4KYmEz/Jj2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXi16pXVfeuVqmf5GkU4QiO4Qw8uIA63EADfGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPuT4z+</latexit>

1M5
<latexit sha1_base64="RAQvcY5DnM0kIiBt396Ecg3YwdY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0kKot4KXrwIFY0ttKFsttN26WYTdjdCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fPOo4VQx9FotYtUKqUXCJvuFGYCtRSKNQYDMcXU/95hMqzWP5YMYJBhEdSN7njBor3Xu3591yxa26M5Bl4uWkAjka3fJXpxezNEJpmKBatz03MUFGleFM4KTUSTUmlI3oANuWShqhDrLZqRNyapUe6cfKljRkpv6eyGik9TgKbWdEzVAvelPxP6+dmv5lkHGZpAYlmy/qp4KYmEz/Jj2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXi16pXVfeuVqmf5GkU4QiO4Qw8uIA63EADfGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPuT4z+</latexit>

100k
<latexit sha1_base64="JIItTZX5Oj9JdSWzZjTPCCDNB1A=">AAAB6nicbVBNSwMxEJ31s9avqkcvwSp4Ktle1FvBi8cKri20S8mm2TY0yS5JVihL/4IXDype/UXe/Ddm2z1o64OBx3szzMyLUsGNxfjbW1vf2NzaruxUd/f2Dw5rR8ePJsk0ZQFNRKK7ETFMcMUCy61g3VQzIiPBOtHktvA7T0wbnqgHO01ZKMlI8ZhTYgvJx3gyqNVxA8+BVolfkjqUaA9qX/1hQjPJlKWCGNPzcWrDnGjLqWCzaj8zLCV0Qkas56gikpkwn986QxdOGaI40a6URXP190ROpDFTGblOSezYLHuF+J/Xy2x8HeZcpZllii4WxZlANkHF42jINaNWTB0hVHN3K6Jjogm1Lp6qC8FffnmVBM3GTQPfN+ut8zKNCpzCGVyCD1fQgjtoQwAUxvAMr/DmSe/Fe/c+Fq1rXjlzAn/gff4AghSNUQ==</latexit>

100k
<latexit sha1_base64="JIItTZX5Oj9JdSWzZjTPCCDNB1A=">AAAB6nicbVBNSwMxEJ31s9avqkcvwSp4Ktle1FvBi8cKri20S8mm2TY0yS5JVihL/4IXDype/UXe/Ddm2z1o64OBx3szzMyLUsGNxfjbW1vf2NzaruxUd/f2Dw5rR8ePJsk0ZQFNRKK7ETFMcMUCy61g3VQzIiPBOtHktvA7T0wbnqgHO01ZKMlI8ZhTYgvJx3gyqNVxA8+BVolfkjqUaA9qX/1hQjPJlKWCGNPzcWrDnGjLqWCzaj8zLCV0Qkas56gikpkwn986QxdOGaI40a6URXP190ROpDFTGblOSezYLHuF+J/Xy2x8HeZcpZllii4WxZlANkHF42jINaNWTB0hVHN3K6Jjogm1Lp6qC8FffnmVBM3GTQPfN+ut8zKNCpzCGVyCD1fQgjtoQwAUxvAMr/DmSe/Fe/c+Fq1rXjlzAn/gff4AghSNUQ==</latexit>

100k
<latexit sha1_base64="JIItTZX5Oj9JdSWzZjTPCCDNB1A=">AAAB6nicbVBNSwMxEJ31s9avqkcvwSp4Ktle1FvBi8cKri20S8mm2TY0yS5JVihL/4IXDype/UXe/Ddm2z1o64OBx3szzMyLUsGNxfjbW1vf2NzaruxUd/f2Dw5rR8ePJsk0ZQFNRKK7ETFMcMUCy61g3VQzIiPBOtHktvA7T0wbnqgHO01ZKMlI8ZhTYgvJx3gyqNVxA8+BVolfkjqUaA9qX/1hQjPJlKWCGNPzcWrDnGjLqWCzaj8zLCV0Qkas56gikpkwn986QxdOGaI40a6URXP190ROpDFTGblOSezYLHuF+J/Xy2x8HeZcpZllii4WxZlANkHF42jINaNWTB0hVHN3K6Jjogm1Lp6qC8FffnmVBM3GTQPfN+ut8zKNCpzCGVyCD1fQgjtoQwAUxvAMr/DmSe/Fe/c+Fq1rXjlzAn/gff4AghSNUQ==</latexit>

100k
<latexit sha1_base64="JIItTZX5Oj9JdSWzZjTPCCDNB1A=">AAAB6nicbVBNSwMxEJ31s9avqkcvwSp4Ktle1FvBi8cKri20S8mm2TY0yS5JVihL/4IXDype/UXe/Ddm2z1o64OBx3szzMyLUsGNxfjbW1vf2NzaruxUd/f2Dw5rR8ePJsk0ZQFNRKK7ETFMcMUCy61g3VQzIiPBOtHktvA7T0wbnqgHO01ZKMlI8ZhTYgvJx3gyqNVxA8+BVolfkjqUaA9qX/1hQjPJlKWCGNPzcWrDnGjLqWCzaj8zLCV0Qkas56gikpkwn986QxdOGaI40a6URXP190ROpDFTGblOSezYLHuF+J/Xy2x8HeZcpZllii4WxZlANkHF42jINaNWTB0hVHN3K6Jjogm1Lp6qC8FffnmVBM3GTQPfN+ut8zKNCpzCGVyCD1fQgjtoQwAUxvAMr/DmSe/Fe/c+Fq1rXjlzAn/gff4AghSNUQ==</latexit>

220k
<latexit sha1_base64="pYgkPvsbXLcepL0KlLx9SLtE0q8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0lyqd4KXjxWMLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9diobm1vbO9Xd2t7+weFR/fjkUSeZIjQgCU9UL8KaciZpYJjhtJcqikXEaTea3hZ+94kqzRL5YGYpDQUeSxYzgk0h+b47HdYbbtNdAK0TryQNKNEZ1r8Go4RkgkpDONa677mpCXOsDCOczmuDTNMUkyke076lEguqw3xx6xxdWmWE4kTZkgYt1N8TORZaz0RkOwU2E73qFeJ/Xj8z8XWYM5lmhkqyXBRnHJkEFY+jEVOUGD6zBBPF7K2ITLDCxNh4ajYEb/XldRL4zZume+832hdlGlU4g3O4Ag9a0IY76EAABCbwDK/w5gjnxXl3PpatFaecOYU/cD5/AIakjVQ=</latexit>

220k
<latexit sha1_base64="pYgkPvsbXLcepL0KlLx9SLtE0q8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0lyqd4KXjxWMLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9diobm1vbO9Xd2t7+weFR/fjkUSeZIjQgCU9UL8KaciZpYJjhtJcqikXEaTea3hZ+94kqzRL5YGYpDQUeSxYzgk0h+b47HdYbbtNdAK0TryQNKNEZ1r8Go4RkgkpDONa677mpCXOsDCOczmuDTNMUkyke076lEguqw3xx6xxdWmWE4kTZkgYt1N8TORZaz0RkOwU2E73qFeJ/Xj8z8XWYM5lmhkqyXBRnHJkEFY+jEVOUGD6zBBPF7K2ITLDCxNh4ajYEb/XldRL4zZume+832hdlGlU4g3O4Ag9a0IY76EAABCbwDK/w5gjnxXl3PpatFaecOYU/cD5/AIakjVQ=</latexit>

1M5
<latexit sha1_base64="RAQvcY5DnM0kIiBt396Ecg3YwdY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LFbBU0kKot4KXrwIFY0ttKFsttN26WYTdjdCCf0JXjyoePUfefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hZXVtfaO4Wdra3tndK+8fPOo4VQx9FotYtUKqUXCJvuFGYCtRSKNQYDMcXU/95hMqzWP5YMYJBhEdSN7njBor3Xu3591yxa26M5Bl4uWkAjka3fJXpxezNEJpmKBatz03MUFGleFM4KTUSTUmlI3oANuWShqhDrLZqRNyapUe6cfKljRkpv6eyGik9TgKbWdEzVAvelPxP6+dmv5lkHGZpAYlmy/qp4KYmEz/Jj2ukBkxtoQyxe2thA2poszYdEo2BG/x5WXi16pXVfeuVqmf5GkU4QiO4Qw8uIA63EADfGAwgGd4hTdHOC/Ou/Mxby04+cwh/IHz+QPuT4z+</latexit>

1M5
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Figure 2: Circuit diagram for a single stage of the Serge TWS
module. Figure adapted from [29].

vice even played a hidden role in shaping the sound aesthetics of
video games, as the sound effects and the iconic background loop
in the hit arcade game Space Invaders were implemented with ded-
icated synthesis circuits designed around the LM3900 [28]. More-
over, the LM3900 is particularly abundant in the designs of Serge
Tcherepnin, who employed it widely to implement a variety of his
synthesizer modules (e.g., the dual universal slope generator 3, the
smooth & stepped generator 4, the bottom section of the VCM 5,
a touch responsive keyboard 6, envelope generators 7, and many
more). In the next section, we present a circuit analysis of the
Serge TWS, an audio processor where the LM3900 was employed
in an unconventional manner to perform complex waveshaping.

3. THE SERGE TWS

Figure 2 shows a simplified schematic of a single stage of the Serge
TWS [29]. The circuit takes a single input signal and applies a
static waveshaping function to it. Control voltages VC1 and VC2 are
then used to change the shape of this function. Figure 3(a) shows
the model of the circuit used in this study. Here, we have substi-
tuted the LM3900 for the large-signal model described in Section
2. Additionally, the circuitry associated with the control voltage
inputs VC1 and VC2 has been collapsed into ideal current sources IA
and IB, respectively, both of which range from 0–3µA. The range
of these current sources was based on the standard used in Serge
synthesizers, which expects DC-coupled and AC-coupled (i.e. au-
dio) signals to range between approximately 0–5 V and ±2.5V,
respectively. The blue diodes in Fig. 3(a) represent the BJT base–
emitter junctions inside the LM3900, while the red diodes repre-
sent standard 1N4148 silicon signal diodes.

We divide the analysis of the circuits in two parts. First, we
look at the input section and compute the value of currents Ip and
If. Once these currents are known we proceed to analyze the feed-
back portion of the circuit and the output section. These steps are
detailed in the following subsections.

3www.cgs.synth.net/modules/cgs114_dusg.html
4www.cgs.synth.net/modules/cgsssg_ssg.html
5www.cgs.synth.net/modules/cgs113_vcm.html
6www.cgs.synth.net/modules/cgs86_trk.html
7www.cgs.synth.net/modules/cgs76_env.html
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Ip
<latexit sha1_base64="YlOWI5FH9AGnad6O5MMdUXgHqVM=">AAAB8nicbVC7TsNAEFyHV0h4BChpLAISVWTTAF0kGuiChEmk2IrOl3Nyytk+3a0RkZXfgIICEC0fwTfQ8R98AJdHAQkjrTSa2dXuTigF1+g4X1ZhaXllda24XipvbG5tV3Z2b3WaKco8mopUtUKimeAJ85CjYC2pGIlDwZrh4GLsN++Y0jxNbnAoWRCTXsIjTgkayb/q+MjuMZO5HHUqVafmTGAvEndGqvXy9+MHADQ6lU+/m9IsZglSQbRuu47EICcKORVsVPIzzSShA9JjbUMTEjMd5JObR/aRUbp2lCpTCdoT9fdETmKth3FoOmOCfT3vjcX/vHaG0VmQ80RmyBI6XRRlwsbUHgdgd7liFMXQEEIVN7fatE8UoWhiKpkQ3PmXF4l3UjuvOddutX4IUxRhHw7gGFw4hTpcQgM8oCDhAZ7hxcqsJ+vVepu2FqzZzB78gfX+A3DElFA=</latexit>

VDC
<latexit sha1_base64="KhKSZA8jAAt2J81rjBB7iQdrgcY=">AAAB83icbVA9TwJBEJ3DLwQ/UEubi2hiRe5s1I4EC0tMPCCBC9lbFtiwt3fuzhHJhcY/YWOhxtb/4G+w0n/j8lEo+JJJXt6bycy8IBZco+N8W5mV1bX1jexmLr+1vbNb2Nuv6ShRlHk0EpFqBEQzwSXzkKNgjVgxEgaC1YNBZeLXh0xpHslbHMXMD0lP8i6nBI3k19otZPeYxOlVZdwuFJ2SM4W9TNw5KZbzD18fAFBtFz5bnYgmIZNIBdG66Tox+ilRyKlg41wr0SwmdEB6rGmoJCHTfjo9emyfGKVjdyNlSqI9VX9PpCTUehQGpjMk2NeL3kT8z2sm2L3wUy7jBJmks0XdRNgY2ZME7A5XjKIYGUKo4uZWm/aJIhRNTjkTgrv48jLxzkqXJefGLZaPYYYsHMIRnIIL51CGa6iCBxTu4BGe4cUaWk/Wq/U2a81Y85kD+APr/QeO/5RN</latexit>

VDC
<latexit sha1_base64="KhKSZA8jAAt2J81rjBB7iQdrgcY=">AAAB83icbVA9TwJBEJ3DLwQ/UEubi2hiRe5s1I4EC0tMPCCBC9lbFtiwt3fuzhHJhcY/YWOhxtb/4G+w0n/j8lEo+JJJXt6bycy8IBZco+N8W5mV1bX1jexmLr+1vbNb2Nuv6ShRlHk0EpFqBEQzwSXzkKNgjVgxEgaC1YNBZeLXh0xpHslbHMXMD0lP8i6nBI3k19otZPeYxOlVZdwuFJ2SM4W9TNw5KZbzD18fAFBtFz5bnYgmIZNIBdG66Tox+ilRyKlg41wr0SwmdEB6rGmoJCHTfjo9emyfGKVjdyNlSqI9VX9PpCTUehQGpjMk2NeL3kT8z2sm2L3wUy7jBJmks0XdRNgY2ZME7A5XjKIYGUKo4uZWm/aJIhRNTjkTgrv48jLxzkqXJefGLZaPYYYsHMIRnIIL51CGa6iCBxTu4BGe4cUaWk/Wq/U2a81Y85kD+APr/QeO/5RN</latexit>

I2
<latexit sha1_base64="r27qjwJlTaEQZJY081oywagkNBA=">AAAB6XicbZC7TsMwFIaPy62UW4GRxaIgMVVJF2CiEgtsRRBaqY0qx3Vaq44T2Q5SFfURWBgAsfIQrDwAExtvwoh7GaDllyx9+v9z5HNOkAiujeN8odzC4tLySn61sLa+sblV3N651XGqKPNoLGLVCIhmgkvmGW4EaySKkSgQrB70z0d5/Y4pzWN5YwYJ8yPSlTzklBhrXV+2K+1iySk7Y+F5cKdQOvv+eHsHgFq7+NnqxDSNmDRUEK2brpMYPyPKcCrYsNBKNUsI7ZMua1qUJGLaz8ajDvGhdTo4jJV90uCx+7sjI5HWgyiwlRExPT2bjcz/smZqwhM/4zJJDZN08lGYCmxiPNobd7hi1IiBBUIVt7Ni2iOKUGOvU7BHcGdXngevUj4tO1duqXoAE+VhD/bhCFw4hipcQA08oNCFe3iEJyTQA3pGL5PSHJr27MIfodcf2CqQng==</latexit>

I2
<latexit sha1_base64="r27qjwJlTaEQZJY081oywagkNBA=">AAAB6XicbZC7TsMwFIaPy62UW4GRxaIgMVVJF2CiEgtsRRBaqY0qx3Vaq44T2Q5SFfURWBgAsfIQrDwAExtvwoh7GaDllyx9+v9z5HNOkAiujeN8odzC4tLySn61sLa+sblV3N651XGqKPNoLGLVCIhmgkvmGW4EaySKkSgQrB70z0d5/Y4pzWN5YwYJ8yPSlTzklBhrXV+2K+1iySk7Y+F5cKdQOvv+eHsHgFq7+NnqxDSNmDRUEK2brpMYPyPKcCrYsNBKNUsI7ZMua1qUJGLaz8ajDvGhdTo4jJV90uCx+7sjI5HWgyiwlRExPT2bjcz/smZqwhM/4zJJDZN08lGYCmxiPNobd7hi1IiBBUIVt7Ni2iOKUGOvU7BHcGdXngevUj4tO1duqXoAE+VhD/bhCFw4hipcQA08oNCFe3iEJyTQA3pGL5PSHJr27MIfodcf2CqQng==</latexit>

I1
<latexit sha1_base64="jeaHUEbWDyT8D5FMClCUiiUiEUw=">AAAB6XicbZC7SgNBFIbPeo3xFrW0GYyCVdi1USsDNtpFNCaQLGF2cjYZMju7zMwKYckj2Fio2PoQtj6AlZ1vYunkUmjiDwMf/38Oc84JEsG1cd0vZ25+YXFpObeSX11b39gsbG3f6jhVDKssFrGqB1Sj4BKrhhuB9UQhjQKBtaB3Psxrd6g0j+WN6SfoR7QjecgZNda6vmx5rULRLbkjkVnwJlA8+/54eweASqvw2WzHLI1QGiao1g3PTYyfUWU4EzjIN1ONCWU92sGGRUkj1H42GnVADqzTJmGs7JOGjNzfHRmNtO5Hga2MqOnq6Wxo/pc1UhOe+BmXSWpQsvFHYSqIiclwb9LmCpkRfQuUKW5nJaxLFWXGXidvj+BNrzwL1aPSacm98orlfRgrB7uwB4fgwTGU4QIqUAUGHbiHR3hyhPPgPDsv49I5Z9KzA3/kvP4A1qeQnQ==</latexit>

I1
<latexit sha1_base64="jeaHUEbWDyT8D5FMClCUiiUiEUw=">AAAB6XicbZC7SgNBFIbPeo3xFrW0GYyCVdi1USsDNtpFNCaQLGF2cjYZMju7zMwKYckj2Fio2PoQtj6AlZ1vYunkUmjiDwMf/38Oc84JEsG1cd0vZ25+YXFpObeSX11b39gsbG3f6jhVDKssFrGqB1Sj4BKrhhuB9UQhjQKBtaB3Psxrd6g0j+WN6SfoR7QjecgZNda6vmx5rULRLbkjkVnwJlA8+/54eweASqvw2WzHLI1QGiao1g3PTYyfUWU4EzjIN1ONCWU92sGGRUkj1H42GnVADqzTJmGs7JOGjNzfHRmNtO5Hga2MqOnq6Wxo/pc1UhOe+BmXSWpQsvFHYSqIiclwb9LmCpkRfQuUKW5nJaxLFWXGXidvj+BNrzwL1aPSacm98orlfRgrB7uwB4fgwTGU4QIqUAUGHbiHR3hyhPPgPDsv49I5Z9KzA3/kvP4A1qeQnQ==</latexit>

If
<latexit sha1_base64="6PMKXcz3+jCJSaQodV+ZtFig5Wo=">AAAB8nicbVA9SwNBEJ2LXzFGjVraHEbBKtzZqF3ARrsIngkkR9jb7CVL9vaW3TkxHPkbNhYqtv4aOzt/ipuPQhMfDDzem2FmXqQEN+h5X05hZXVtfaO4Wdoqb+/sVvb2702aacoCmopUtyJimOCSBchRsJbSjCSRYM1oeDXxmw9MG57KOxwpFiakL3nMKUErdW66HWSPmKk8HncrVa/mTeEuE39OqvVyrL4BoNGtfHZ6Kc0SJpEKYkzb9xSGOdHIqWDjUiczTBE6JH3WtlSShJkwn948dk+s0nPjVNuS6E7V3xM5SYwZJZHtTAgOzKI3Ef/z2hnGF2HOpcqQSTpbFGfCxdSdBOD2uGYUxcgSQjW3t7p0QDShaGMq2RD8xZeXSXBWu6x5t361fgwzFOEQjuAUfDiHOlxDAwKgoOAJXuDVyZxn5815n7UWnPnMAfyB8/EDmgGTsg==</latexit>

If
<latexit sha1_base64="6PMKXcz3+jCJSaQodV+ZtFig5Wo=">AAAB8nicbVA9SwNBEJ2LXzFGjVraHEbBKtzZqF3ARrsIngkkR9jb7CVL9vaW3TkxHPkbNhYqtv4aOzt/ipuPQhMfDDzem2FmXqQEN+h5X05hZXVtfaO4Wdoqb+/sVvb2702aacoCmopUtyJimOCSBchRsJbSjCSRYM1oeDXxmw9MG57KOxwpFiakL3nMKUErdW66HWSPmKk8HncrVa/mTeEuE39OqvVyrL4BoNGtfHZ6Kc0SJpEKYkzb9xSGOdHIqWDjUiczTBE6JH3WtlSShJkwn948dk+s0nPjVNuS6E7V3xM5SYwZJZHtTAgOzKI3Ef/z2hnGF2HOpcqQSTpbFGfCxdSdBOD2uGYUxcgSQjW3t7p0QDShaGMq2RD8xZeXSXBWu6x5t361fgwzFOEQjuAUfDiHOlxDAwKgoOAJXuDVyZxn5815n7UWnPnMAfyB8/EDmgGTsg==</latexit>

I3
<latexit sha1_base64="AYySXgfeFbLY+pKD9Aezi2tea3o=">AAAB6XicbZC7TsMwFIaPy62UW4GRxaIgMVUJDMBEJRbYiiC0UhtVjuu0Vh0nsh2kKuojsDAAYuUhWHkAJjbehBH3MkDLL1n69P/nyOecIBFcG8f5Qrm5+YXFpfxyYWV1bX2juLl1q+NUUebRWMSqHhDNBJfMM9wIVk8UI1EgWC3onQ/z2h1TmsfyxvQT5kekI3nIKTHWur5sHbWKJafsjIRnwZ1A6ez74+0dAKqt4mezHdM0YtJQQbRuuE5i/Iwow6lgg0Iz1SwhtEc6rGFRkohpPxuNOsD71mnjMFb2SYNH7u+OjERa96PAVkbEdPV0NjT/yxqpCU/8jMskNUzS8UdhKrCJ8XBv3OaKUSP6FghV3M6KaZcoQo29TsEewZ1eeRa8w/Jp2blyS5U9GCsPO7ALB+DCMVTgAqrgAYUO3MMjPCGBHtAzehmX5tCkZxv+CL3+ANmtkJ8=</latexit>

I3
<latexit sha1_base64="AYySXgfeFbLY+pKD9Aezi2tea3o=">AAAB6XicbZC7TsMwFIaPy62UW4GRxaIgMVUJDMBEJRbYiiC0UhtVjuu0Vh0nsh2kKuojsDAAYuUhWHkAJjbehBH3MkDLL1n69P/nyOecIBFcG8f5Qrm5+YXFpfxyYWV1bX2juLl1q+NUUebRWMSqHhDNBJfMM9wIVk8UI1EgWC3onQ/z2h1TmsfyxvQT5kekI3nIKTHWur5sHbWKJafsjIRnwZ1A6ez74+0dAKqt4mezHdM0YtJQQbRuuE5i/Iwow6lgg0Iz1SwhtEc6rGFRkohpPxuNOsD71mnjMFb2SYNH7u+OjERa96PAVkbEdPV0NjT/yxqpCU/8jMskNUzS8UdhKrCJ8XBv3OaKUSP6FghV3M6KaZcoQo29TsEewZ1eeRa8w/Jp2blyS5U9GCsPO7ALB+DCMVTgAqrgAYUO3MMjPCGBHtAzehmX5tCkZxv+CL3+ANmtkJ8=</latexit>

IA
<latexit sha1_base64="6Qp5sjleAYszPHXLp0VH7Gsuvlw=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdEA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H5y+T8A==</latexit>

IA
<latexit sha1_base64="6Qp5sjleAYszPHXLp0VH7Gsuvlw=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdEA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H5y+T8A==</latexit>

IB
<latexit sha1_base64="iqzUlwvSJ+4EyfY/XhogJTnCJec=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdBA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H6LOT8Q==</latexit>

IB
<latexit sha1_base64="iqzUlwvSJ+4EyfY/XhogJTnCJec=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdBA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H6LOT8Q==</latexit>

VDP
<latexit sha1_base64="2bBx6T6kWFlP0dtyJqKWXAVPOIA=">AAAB83icbVC7TsNAEFzzDAmPACWNRUCiimwaoIsEBWWQcBIpsaLz5Zyccj6bu3VEZKXhJ2goANHyD3wDFfwNl0cBCSOtNJrZ1e5OkAiu0XG+raXlldW19dxGvrC5tb1T3N2r6ThVlHk0FrFqBEQzwSXzkKNgjUQxEgWC1YP+5divD5jSPJa3OEyYH5Gu5CGnBI3k19otZPeYJtlVddQulpyyM4G9SNwZKVUKD18fAFBtFz9bnZimEZNIBdG66ToJ+hlRyKlgo3wr1SwhtE+6rGmoJBHTfjY5emQfG6Vjh7EyJdGeqL8nMhJpPYwC0xkR7Ol5byz+5zVTDM/9jMskRSbpdFGYChtje5yA3eGKURRDQwhV3Nxq0x5RhKLJKW9CcOdfXiTeafmi7Ny4pcoRTJGDAziEE3DhDCpwDVXwgMIdPMIzvFgD68l6td6mrUvWbGYf/sB6/wGis5Ra</latexit>

VDP
<latexit sha1_base64="2bBx6T6kWFlP0dtyJqKWXAVPOIA=">AAAB83icbVC7TsNAEFzzDAmPACWNRUCiimwaoIsEBWWQcBIpsaLz5Zyccj6bu3VEZKXhJ2goANHyD3wDFfwNl0cBCSOtNJrZ1e5OkAiu0XG+raXlldW19dxGvrC5tb1T3N2r6ThVlHk0FrFqBEQzwSXzkKNgjUQxEgWC1YP+5divD5jSPJa3OEyYH5Gu5CGnBI3k19otZPeYJtlVddQulpyyM4G9SNwZKVUKD18fAFBtFz9bnZimEZNIBdG66ToJ+hlRyKlgo3wr1SwhtE+6rGmoJBHTfjY5emQfG6Vjh7EyJdGeqL8nMhJpPYwC0xkR7Ol5byz+5zVTDM/9jMskRSbpdFGYChtje5yA3eGKURRDQwhV3Nxq0x5RhKLJKW9CcOdfXiTeafmi7Ny4pcoRTJGDAziEE3DhDCpwDVXwgMIdPMIzvFgD68l6td6mrUvWbGYf/sB6/wGis5Ra</latexit>

Ibias
<latexit sha1_base64="8ZrKJxE6UZ+k6wIkzDV+PSrPlR8=">AAAB93icbVC7TsNAEFyHVwiBGChpLAISVWTTAF0kGuiChEmkxIrOl3Nyyvls3a0RwcqX0FAAouVX6Oj4FC6PAhJGWmk0s6vdnTAVXKPrflmFldW19Y3iZmmrvL1TsXf37nSSKcp8mohEtUKimeCS+chRsFaqGIlDwZrh8HLiN++Z0jyRtzhKWRCTvuQRpwSN1LUr190OsgfM0jzkRI+7dtWtuVM4y8Sbk2q9HKXfANDo2p+dXkKzmEmkgmjd9twUg5wo5FSwcamTaZYSOiR91jZUkpjpIJ8ePnaOjdJzokSZkuhM1d8TOYm1HsWh6YwJDvSiNxH/89oZRudBzmWaIZN0tijKhIOJM0nB6XHFKIqRIYQqbm516IAoQtFkVTIheIsvLxP/tHZRc2+8av0IZijCARzCCXhwBnW4ggb4QCGDJ3iBV+vRerberPdZa8Gaz+zDH1gfP2ntlTo=</latexit>

Ibias
<latexit sha1_base64="8ZrKJxE6UZ+k6wIkzDV+PSrPlR8=">AAAB93icbVC7TsNAEFyHVwiBGChpLAISVWTTAF0kGuiChEmkxIrOl3Nyyvls3a0RwcqX0FAAouVX6Oj4FC6PAhJGWmk0s6vdnTAVXKPrflmFldW19Y3iZmmrvL1TsXf37nSSKcp8mohEtUKimeCS+chRsFaqGIlDwZrh8HLiN++Z0jyRtzhKWRCTvuQRpwSN1LUr190OsgfM0jzkRI+7dtWtuVM4y8Sbk2q9HKXfANDo2p+dXkKzmEmkgmjd9twUg5wo5FSwcamTaZYSOiR91jZUkpjpIJ8ePnaOjdJzokSZkuhM1d8TOYm1HsWh6YwJDvSiNxH/89oZRudBzmWaIZN0tijKhIOJM0nB6XHFKIqRIYQqbm516IAoQtFkVTIheIsvLxP/tHZRc2+8av0IZijCARzCCXhwBnW4ggb4QCGDJ3iBV+vRerberPdZa8Gaz+zDH1gfP2ntlTo=</latexit>

Vin
<latexit sha1_base64="ev4bYR1DNhR+6WqPdNccTc4wCBk=">AAAB83icbVBNS8NAEJ34WeNX1aOXYBU8lcSLeiuI4LGCaQttKJvtpl262cTdSbGE/g4vHqp49c9484d4d/tx0NYHA4/3ZpiZF6aCa3TdL2tldW19Y7OwZW/v7O7tFw8OazrJFGU+TUSiGiHRTHDJfOQoWCNVjMShYPWwfzPx6wOmNE/kAw5TFsSkK3nEKUEjBbV2C9kTZmnO5ahdLLlldwpnmXhzUqrYt99jAKi2i5+tTkKzmEmkgmjd9NwUg5wo5FSwkd3KNEsJ7ZMuaxoqScx0kE+PHjlnRuk4UaJMSXSm6u+JnMRaD+PQdMYEe3rRm4j/ec0Mo6vA/JNmyCSdLYoy4WDiTBJwOlwximJoCKGKm1sd2iOKUDQ52SYEb/HlZeJflK/L7r1XqpzCDAU4hhM4Bw8uoQJ3UAUfKDzCM4zh1RpYL9ab9T5rXbHmM0fwB9bHD7DtlFw=</latexit>

Vin
<latexit sha1_base64="ev4bYR1DNhR+6WqPdNccTc4wCBk=">AAAB83icbVBNS8NAEJ34WeNX1aOXYBU8lcSLeiuI4LGCaQttKJvtpl262cTdSbGE/g4vHqp49c9484d4d/tx0NYHA4/3ZpiZF6aCa3TdL2tldW19Y7OwZW/v7O7tFw8OazrJFGU+TUSiGiHRTHDJfOQoWCNVjMShYPWwfzPx6wOmNE/kAw5TFsSkK3nEKUEjBbV2C9kTZmnO5ahdLLlldwpnmXhzUqrYt99jAKi2i5+tTkKzmEmkgmjd9NwUg5wo5FSwkd3KNEsJ7ZMuaxoqScx0kE+PHjlnRuk4UaJMSXSm6u+JnMRaD+PQdMYEe3rRm4j/ec0Mo6vA/JNmyCSdLYoy4WDiTBJwOlwximJoCKGKm1sd2iOKUDQ52SYEb/HlZeJflK/L7r1XqpzCDAU4hhM4Bw8uoQJ3UAUfKDzCM4zh1RpYL9ab9T5rXbHmM0fwB9bHD7DtlFw=</latexit>

220k
<latexit sha1_base64="pYgkPvsbXLcepL0KlLx9SLtE0q8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0lyqd4KXjxWMLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9diobm1vbO9Xd2t7+weFR/fjkUSeZIjQgCU9UL8KaciZpYJjhtJcqikXEaTea3hZ+94kqzRL5YGYpDQUeSxYzgk0h+b47HdYbbtNdAK0TryQNKNEZ1r8Go4RkgkpDONa677mpCXOsDCOczmuDTNMUkyke076lEguqw3xx6xxdWmWE4kTZkgYt1N8TORZaz0RkOwU2E73qFeJ/Xj8z8XWYM5lmhkqyXBRnHJkEFY+jEVOUGD6zBBPF7K2ITLDCxNh4ajYEb/XldRL4zZume+832hdlGlU4g3O4Ag9a0IY76EAABCbwDK/w5gjnxXl3PpatFaecOYU/cD5/AIakjVQ=</latexit>

220k
<latexit sha1_base64="pYgkPvsbXLcepL0KlLx9SLtE0q8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0lyqd4KXjxWMLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9diobm1vbO9Xd2t7+weFR/fjkUSeZIjQgCU9UL8KaciZpYJjhtJcqikXEaTea3hZ+94kqzRL5YGYpDQUeSxYzgk0h+b47HdYbbtNdAK0TryQNKNEZ1r8Go4RkgkpDONa677mpCXOsDCOczmuDTNMUkyke076lEguqw3xx6xxdWmWE4kTZkgYt1N8TORZaz0RkOwU2E73qFeJ/Xj8z8XWYM5lmhkqyXBRnHJkEFY+jEVOUGD6zBBPF7K2ITLDCxNh4ajYEb/XldRL4zZume+832hdlGlU4g3O4Ag9a0IY76EAABCbwDK/w5gjnxXl3PpatFaecOYU/cD5/AIakjVQ=</latexit>

R1
<latexit sha1_base64="iK/Jo8FMAmxTGVn7zXaURPK/FlA=">AAAB6XicbZC7TgMxEEVneYbwClDSWAQkqmiXBqiIREMZHksiJavI6ziJFa93Zc8iRat8Ag0FIFo+gpYPoKLjTyhxHgUkXMnS0b0z8syEiRQGXffLmZtfWFxazq3kV9fWNzYLW9u3Jk414z6LZaxrITVcCsV9FCh5LdGcRqHk1bB3Psyrd1wbEasb7Cc8iGhHibZgFK11fdX0moWiW3JHIrPgTaB49v3x9g4AlWbhs9GKWRpxhUxSY+qem2CQUY2CST7IN1LDE8p6tMPrFhWNuAmy0agDcmCdFmnH2j6FZOT+7shoZEw/Cm1lRLFrprOh+V9WT7F9EmRCJSlyxcYftVNJMCbDvUlLaM5Q9i1QpoWdlbAu1ZShvU7eHsGbXnkW/KPSacm99IrlfRgrB7uwB4fgwTGU4QIq4AODDtzDIzw50nlwnp2XcemcM+nZgT9yXn8A5FSQpg==</latexit>

R1
<latexit sha1_base64="iK/Jo8FMAmxTGVn7zXaURPK/FlA=">AAAB6XicbZC7TgMxEEVneYbwClDSWAQkqmiXBqiIREMZHksiJavI6ziJFa93Zc8iRat8Ag0FIFo+gpYPoKLjTyhxHgUkXMnS0b0z8syEiRQGXffLmZtfWFxazq3kV9fWNzYLW9u3Jk414z6LZaxrITVcCsV9FCh5LdGcRqHk1bB3Psyrd1wbEasb7Cc8iGhHibZgFK11fdX0moWiW3JHIrPgTaB49v3x9g4AlWbhs9GKWRpxhUxSY+qem2CQUY2CST7IN1LDE8p6tMPrFhWNuAmy0agDcmCdFmnH2j6FZOT+7shoZEw/Cm1lRLFrprOh+V9WT7F9EmRCJSlyxcYftVNJMCbDvUlLaM5Q9i1QpoWdlbAu1ZShvU7eHsGbXnkW/KPSacm99IrlfRgrB7uwB4fgwTGU4QIq4AODDtzDIzw50nlwnp2XcemcM+nZgT9yXn8A5FSQpg==</latexit>

Ip
<latexit sha1_base64="YlOWI5FH9AGnad6O5MMdUXgHqVM=">AAAB8nicbVC7TsNAEFyHV0h4BChpLAISVWTTAF0kGuiChEmk2IrOl3Nyytk+3a0RkZXfgIICEC0fwTfQ8R98AJdHAQkjrTSa2dXuTigF1+g4X1ZhaXllda24XipvbG5tV3Z2b3WaKco8mopUtUKimeAJ85CjYC2pGIlDwZrh4GLsN++Y0jxNbnAoWRCTXsIjTgkayb/q+MjuMZO5HHUqVafmTGAvEndGqvXy9+MHADQ6lU+/m9IsZglSQbRuu47EICcKORVsVPIzzSShA9JjbUMTEjMd5JObR/aRUbp2lCpTCdoT9fdETmKth3FoOmOCfT3vjcX/vHaG0VmQ80RmyBI6XRRlwsbUHgdgd7liFMXQEEIVN7fatE8UoWhiKpkQ3PmXF4l3UjuvOddutX4IUxRhHw7gGFw4hTpcQgM8oCDhAZ7hxcqsJ+vVepu2FqzZzB78gfX+A3DElFA=</latexit>

Ip
<latexit sha1_base64="YlOWI5FH9AGnad6O5MMdUXgHqVM=">AAAB8nicbVC7TsNAEFyHV0h4BChpLAISVWTTAF0kGuiChEmk2IrOl3Nyytk+3a0RkZXfgIICEC0fwTfQ8R98AJdHAQkjrTSa2dXuTigF1+g4X1ZhaXllda24XipvbG5tV3Z2b3WaKco8mopUtUKimeAJ85CjYC2pGIlDwZrh4GLsN++Y0jxNbnAoWRCTXsIjTgkayb/q+MjuMZO5HHUqVafmTGAvEndGqvXy9+MHADQ6lU+/m9IsZglSQbRuu47EICcKORVsVPIzzSShA9JjbUMTEjMd5JObR/aRUbp2lCpTCdoT9fdETmKth3FoOmOCfT3vjcX/vHaG0VmQ80RmyBI6XRRlwsbUHgdgd7liFMXQEEIVN7fatE8UoWhiKpkQ3PmXF4l3UjuvOddutX4IUxRhHw7gGFw4hTpcQgM8oCDhAZ7hxcqsJ+vVepu2FqzZzB78gfX+A3DElFA=</latexit>

I1
<latexit sha1_base64="jeaHUEbWDyT8D5FMClCUiiUiEUw=">AAAB6XicbZC7SgNBFIbPeo3xFrW0GYyCVdi1USsDNtpFNCaQLGF2cjYZMju7zMwKYckj2Fio2PoQtj6AlZ1vYunkUmjiDwMf/38Oc84JEsG1cd0vZ25+YXFpObeSX11b39gsbG3f6jhVDKssFrGqB1Sj4BKrhhuB9UQhjQKBtaB3Psxrd6g0j+WN6SfoR7QjecgZNda6vmx5rULRLbkjkVnwJlA8+/54eweASqvw2WzHLI1QGiao1g3PTYyfUWU4EzjIN1ONCWU92sGGRUkj1H42GnVADqzTJmGs7JOGjNzfHRmNtO5Hga2MqOnq6Wxo/pc1UhOe+BmXSWpQsvFHYSqIiclwb9LmCpkRfQuUKW5nJaxLFWXGXidvj+BNrzwL1aPSacm98orlfRgrB7uwB4fgwTGU4QIqUAUGHbiHR3hyhPPgPDsv49I5Z9KzA3/kvP4A1qeQnQ==</latexit>

I1
<latexit sha1_base64="jeaHUEbWDyT8D5FMClCUiiUiEUw=">AAAB6XicbZC7SgNBFIbPeo3xFrW0GYyCVdi1USsDNtpFNCaQLGF2cjYZMju7zMwKYckj2Fio2PoQtj6AlZ1vYunkUmjiDwMf/38Oc84JEsG1cd0vZ25+YXFpObeSX11b39gsbG3f6jhVDKssFrGqB1Sj4BKrhhuB9UQhjQKBtaB3Psxrd6g0j+WN6SfoR7QjecgZNda6vmx5rULRLbkjkVnwJlA8+/54eweASqvw2WzHLI1QGiao1g3PTYyfUWU4EzjIN1ONCWU92sGGRUkj1H42GnVADqzTJmGs7JOGjNzfHRmNtO5Hga2MqOnq6Wxo/pc1UhOe+BmXSWpQsvFHYSqIiclwb9LmCpkRfQuUKW5nJaxLFWXGXidvj+BNrzwL1aPSacm98orlfRgrB7uwB4fgwTGU4QIqUAUGHbiHR3hyhPPgPDsv49I5Z9KzA3/kvP4A1qeQnQ==</latexit>

IA
<latexit sha1_base64="6Qp5sjleAYszPHXLp0VH7Gsuvlw=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdEA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H5y+T8A==</latexit>

IA
<latexit sha1_base64="6Qp5sjleAYszPHXLp0VH7Gsuvlw=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdEA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H5y+T8A==</latexit>

(a)
<latexit sha1_base64="rKRbFtVcEiTinU3/s9F9/z99Mng=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5pgQw4atSOxscToCQlcyN4yBxv29i67eybkwk+wsVBj6z+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLa+sbmVnG7tLO7t39QPjx61HGqGHosFrHqBFSj4BI9w43ATqKQRoHAdjC+mfntJ1Sax/LBTBL0IzqUPOSMGivdV+lFv1xxa+4cZJXUc1KBHK1++as3iFkaoTRMUK27dTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYZQX355lXiN2nXNvWtUmmd5GkU4gVOoQh0uoQm30AIPGAzhGV7hzRHOi/PufCxaC04+cwx/4Hz+AOzOjP0=</latexit>

(a)
<latexit sha1_base64="rKRbFtVcEiTinU3/s9F9/z99Mng=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5pgQw4atSOxscToCQlcyN4yBxv29i67eybkwk+wsVBj6z+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLa+sbmVnG7tLO7t39QPjx61HGqGHosFrHqBFSj4BI9w43ATqKQRoHAdjC+mfntJ1Sax/LBTBL0IzqUPOSMGivdV+lFv1xxa+4cZJXUc1KBHK1++as3iFkaoTRMUK27dTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JulQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYZQX355lXiN2nXNvWtUmmd5GkU4gVOoQh0uoQm30AIPGAzhGV7hzRHOi/PufCxaC04+cwx/4Hz+AOzOjP0=</latexit>

(b)
<latexit sha1_base64="odXfI+PK9WDJtizwrm495Lwom+M=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5pgQw4atSOxscToCQlcyN4yBxv29i67eybkwk+wsVBj6z+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLa+sbmVnG7tLO7t39QPjx61HGqGHosFrHqBFSj4BI9w43ATqKQRoHAdjC+mfntJ1Sax/LBTBL0IzqUPOSMGivdV4OLfrni1tw5yCqp56QCOVr98ldvELM0QmmYoFp3625i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg2hvvzyKvEateuae9eoNM/yNIpwAqdQhTpcQhNuoQUeMBjCM7zCmyOcF+fd+Vi0Fpx85hj+wPn8Ae5SjP4=</latexit>

(b)
<latexit sha1_base64="odXfI+PK9WDJtizwrm495Lwom+M=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5pgQw4atSOxscToCQlcyN4yBxv29i67eybkwk+wsVBj6z+y89+4wBUKvmSSl/dmMjMvSATXxnW/ncLa+sbmVnG7tLO7t39QPjx61HGqGHosFrHqBFSj4BI9w43ATqKQRoHAdjC+mfntJ1Sax/LBTBL0IzqUPOSMGivdV4OLfrni1tw5yCqp56QCOVr98ldvELM0QmmYoFp3625i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg2hvvzyKvEateuae9eoNM/yNIpwAqdQhTpcQhNuoQUeMBjCM7zCmyOcF+fd+Vi0Fpx85hj+wPn8Ae5SjP4=</latexit>

R3
<latexit sha1_base64="P1fXVCmEEBFuHaCHwreusltguLM=">AAAB6XicbZC7TsMwFIaPy62UW4GRxaIgMVUJDMBEJRbGcgmt1EaV4zqtVceJbAepivoILAyAWHkIVh6AiY03YcS9DNDyS5Y+/f858jknSATXxnG+UG5ufmFxKb9cWFldW98obm7d6jhVlHk0FrGqB0QzwSXzDDeC1RPFSBQIVgt658O8dseU5rG8Mf2E+RHpSB5ySoy1rq9aR61iySk7I+FZcCdQOvv+eHsHgGqr+NlsxzSNmDRUEK0brpMYPyPKcCrYoNBMNUsI7ZEOa1iUJGLaz0ajDvC+ddo4jJV90uCR+7sjI5HW/SiwlRExXT2dDc3/skZqwhM/4zJJDZN0/FGYCmxiPNwbt7li1Ii+BUIVt7Ni2iWKUGOvU7BHcKdXngXvsHxadi7dUmUPxsrDDuzCAbhwDBW4gCp4QKED9/AIT0igB/SMXsalOTTp2YY/Qq8/51qQqA==</latexit>

R3
<latexit sha1_base64="P1fXVCmEEBFuHaCHwreusltguLM=">AAAB6XicbZC7TsMwFIaPy62UW4GRxaIgMVUJDMBEJRbGcgmt1EaV4zqtVceJbAepivoILAyAWHkIVh6AiY03YcS9DNDyS5Y+/f858jknSATXxnG+UG5ufmFxKb9cWFldW98obm7d6jhVlHk0FrGqB0QzwSXzDDeC1RPFSBQIVgt658O8dseU5rG8Mf2E+RHpSB5ySoy1rq9aR61iySk7I+FZcCdQOvv+eHsHgGqr+NlsxzSNmDRUEK0brpMYPyPKcCrYoNBMNUsI7ZEOa1iUJGLaz0ajDvC+ddo4jJV90uCR+7sjI5HW/SiwlRExXT2dDc3/skZqwhM/4zJJDZN0/FGYCmxiPNwbt7li1Ii+BUIVt7Ni2iWKUGOvU7BHcKdXngXvsHxadi7dUmUPxsrDDuzCAbhwDBW4gCp4QKED9/AIT0igB/SMXsalOTTp2YY/Qq8/51qQqA==</latexit>

R4
<latexit sha1_base64="TxqNpoIr52CRriCYyW5Uk1RULHw=">AAAB6XicbZC7SgNBFIbPxFuMt6ilzWAUrMKuCGplwMYyXtYEkiXMTmaTIbOzy8ysEJY8go2Fiq0PYesDWNn5JpZOLoUm/jDw8f/nMOecIBFcG8f5Qrm5+YXFpfxyYWV1bX2juLl1q+NUUebRWMSqHhDNBJfMM9wIVk8UI1EgWC3onQ/z2h1TmsfyxvQT5kekI3nIKTHWur5qHbWKJafsjIRnwZ1A6ez74+0dAKqt4mezHdM0YtJQQbRuuE5i/Iwow6lgg0Iz1SwhtEc6rGFRkohpPxuNOsD71mnjMFb2SYNH7u+OjERa96PAVkbEdPV0NjT/yxqpCU/8jMskNUzS8UdhKrCJ8XBv3OaKUSP6FghV3M6KaZcoQo29TsEewZ1eeRa8w/Jp2bl0S5U9GCsPO7ALB+DCMVTgAqrgAYUO3MMjPCGBHtAzehmX5tCkZxv+CL3+AOjdkKk=</latexit>

R4
<latexit sha1_base64="TxqNpoIr52CRriCYyW5Uk1RULHw=">AAAB6XicbZC7SgNBFIbPxFuMt6ilzWAUrMKuCGplwMYyXtYEkiXMTmaTIbOzy8ysEJY8go2Fiq0PYesDWNn5JpZOLoUm/jDw8f/nMOecIBFcG8f5Qrm5+YXFpfxyYWV1bX2juLl1q+NUUebRWMSqHhDNBJfMM9wIVk8UI1EgWC3onQ/z2h1TmsfyxvQT5kekI3nIKTHWur5qHbWKJafsjIRnwZ1A6ez74+0dAKqt4mezHdM0YtJQQbRuuE5i/Iwow6lgg0Iz1SwhtEc6rGFRkohpPxuNOsD71mnjMFb2SYNH7u+OjERa96PAVkbEdPV0NjT/yxqpCU/8jMskNUzS8UdhKrCJ8XBv3OaKUSP6FghV3M6KaZcoQo29TsEewZ1eeRa8w/Jp2bl0S5U9GCsPO7ALB+DCMVTgAqrgAYUO3MMjPCGBHtAzehmX5tCkZxv+CL3+AOjdkKk=</latexit>

Vx
<latexit sha1_base64="WdG/Vf6PjF6LkLEYcUzUQ6qtVi4=">AAACEHicbVDLSgMxFL1T3/VVdelmsAoupMwUfK0U3LhUcFphZiiZNK2hmQfJHWkZ+hWCW/0LcaVuxR/wL1y6NDPtwteFkMM5JznJCRLBFVrWu1GamJyanpmdK88vLC4tV1ZWGypOJWUOjUUsLwOimOARc5CjYJeJZCQMBGsGvZNcb14zqXgcXeAgYX5IuhHvcEpQU16j5SHrY5pk/WGrUrVqVjGmVdu17MO9HIwZewyqR59vD88AcNaqfHjtmKYhi5AKopRrWwn6GZHIqWDDspcqlhDaI13mahiRkCk/K9489IrNld3Az4qMnTyyvlPgobml/W2zE0u9IjQL8/f7MhIqNQgD7QwJXqnfWk7+p7kpdg78jEdJiiyio6BOKkyMzbwes80loygGGhAquf6JSa+IJBR1iWVdkf27kL/AqdcOa9a5XT3ehNHMwjpswDbYsA/HcApn4ACFBG7hDu6NG+PReDJeRtaSMT6zBj/GeP0CwNieoQ==</latexit>

Vx
<latexit sha1_base64="WdG/Vf6PjF6LkLEYcUzUQ6qtVi4=">AAACEHicbVDLSgMxFL1T3/VVdelmsAoupMwUfK0U3LhUcFphZiiZNK2hmQfJHWkZ+hWCW/0LcaVuxR/wL1y6NDPtwteFkMM5JznJCRLBFVrWu1GamJyanpmdK88vLC4tV1ZWGypOJWUOjUUsLwOimOARc5CjYJeJZCQMBGsGvZNcb14zqXgcXeAgYX5IuhHvcEpQU16j5SHrY5pk/WGrUrVqVjGmVdu17MO9HIwZewyqR59vD88AcNaqfHjtmKYhi5AKopRrWwn6GZHIqWDDspcqlhDaI13mahiRkCk/K9489IrNld3Az4qMnTyyvlPgobml/W2zE0u9IjQL8/f7MhIqNQgD7QwJXqnfWk7+p7kpdg78jEdJiiyio6BOKkyMzbwes80loygGGhAquf6JSa+IJBR1iWVdkf27kL/AqdcOa9a5XT3ehNHMwjpswDbYsA/HcApn4ACFBG7hDu6NG+PReDJeRtaSMT6zBj/GeP0CwNieoQ==</latexit>

Vin
<latexit sha1_base64="ev4bYR1DNhR+6WqPdNccTc4wCBk=">AAAB83icbVBNS8NAEJ34WeNX1aOXYBU8lcSLeiuI4LGCaQttKJvtpl262cTdSbGE/g4vHqp49c9484d4d/tx0NYHA4/3ZpiZF6aCa3TdL2tldW19Y7OwZW/v7O7tFw8OazrJFGU+TUSiGiHRTHDJfOQoWCNVjMShYPWwfzPx6wOmNE/kAw5TFsSkK3nEKUEjBbV2C9kTZmnO5ahdLLlldwpnmXhzUqrYt99jAKi2i5+tTkKzmEmkgmjd9NwUg5wo5FSwkd3KNEsJ7ZMuaxoqScx0kE+PHjlnRuk4UaJMSXSm6u+JnMRaD+PQdMYEe3rRm4j/ec0Mo6vA/JNmyCSdLYoy4WDiTBJwOlwximJoCKGKm1sd2iOKUDQ52SYEb/HlZeJflK/L7r1XqpzCDAU4hhM4Bw8uoQJ3UAUfKDzCM4zh1RpYL9ab9T5rXbHmM0fwB9bHD7DtlFw=</latexit>

Vin
<latexit sha1_base64="ev4bYR1DNhR+6WqPdNccTc4wCBk=">AAAB83icbVBNS8NAEJ34WeNX1aOXYBU8lcSLeiuI4LGCaQttKJvtpl262cTdSbGE/g4vHqp49c9484d4d/tx0NYHA4/3ZpiZF6aCa3TdL2tldW19Y7OwZW/v7O7tFw8OazrJFGU+TUSiGiHRTHDJfOQoWCNVjMShYPWwfzPx6wOmNE/kAw5TFsSkK3nEKUEjBbV2C9kTZmnO5ahdLLlldwpnmXhzUqrYt99jAKi2i5+tTkKzmEmkgmjd9NwUg5wo5FSwkd3KNEsJ7ZMuaxoqScx0kE+PHjlnRuk4UaJMSXSm6u+JnMRaD+PQdMYEe3rRm4j/ec0Mo6vA/JNmyCSdLYoy4WDiTBJwOlwximJoCKGKm1sd2iOKUDQ52SYEb/HlZeJflK/L7r1XqpzCDAU4hhM4Bw8uoQJ3UAUfKDzCM4zh1RpYL9ab9T5rXbHmM0fwB9bHD7DtlFw=</latexit>

220k
<latexit sha1_base64="pYgkPvsbXLcepL0KlLx9SLtE0q8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0lyqd4KXjxWMLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9diobm1vbO9Xd2t7+weFR/fjkUSeZIjQgCU9UL8KaciZpYJjhtJcqikXEaTea3hZ+94kqzRL5YGYpDQUeSxYzgk0h+b47HdYbbtNdAK0TryQNKNEZ1r8Go4RkgkpDONa677mpCXOsDCOczmuDTNMUkyke076lEguqw3xx6xxdWmWE4kTZkgYt1N8TORZaz0RkOwU2E73qFeJ/Xj8z8XWYM5lmhkqyXBRnHJkEFY+jEVOUGD6zBBPF7K2ITLDCxNh4ajYEb/XldRL4zZume+832hdlGlU4g3O4Ag9a0IY76EAABCbwDK/w5gjnxXl3PpatFaecOYU/cD5/AIakjVQ=</latexit>

220k
<latexit sha1_base64="pYgkPvsbXLcepL0KlLx9SLtE0q8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0lyqd4KXjxWMLbQhrLZbtqlu5uwuxFK6F/w4kHFq7/Im//GTZuDtj4YeLw3w8y8KOVMG9f9diobm1vbO9Xd2t7+weFR/fjkUSeZIjQgCU9UL8KaciZpYJjhtJcqikXEaTea3hZ+94kqzRL5YGYpDQUeSxYzgk0h+b47HdYbbtNdAK0TryQNKNEZ1r8Go4RkgkpDONa677mpCXOsDCOczmuDTNMUkyke076lEguqw3xx6xxdWmWE4kTZkgYt1N8TORZaz0RkOwU2E73qFeJ/Xj8z8XWYM5lmhkqyXBRnHJkEFY+jEVOUGD6zBBPF7K2ITLDCxNh4ajYEb/XldRL4zZume+832hdlGlU4g3O4Ag9a0IY76EAABCbwDK/w5gjnxXl3PpatFaecOYU/cD5/AIakjVQ=</latexit>

R1
<latexit sha1_base64="iK/Jo8FMAmxTGVn7zXaURPK/FlA=">AAAB6XicbZC7TgMxEEVneYbwClDSWAQkqmiXBqiIREMZHksiJavI6ziJFa93Zc8iRat8Ag0FIFo+gpYPoKLjTyhxHgUkXMnS0b0z8syEiRQGXffLmZtfWFxazq3kV9fWNzYLW9u3Jk414z6LZaxrITVcCsV9FCh5LdGcRqHk1bB3Psyrd1wbEasb7Cc8iGhHibZgFK11fdX0moWiW3JHIrPgTaB49v3x9g4AlWbhs9GKWRpxhUxSY+qem2CQUY2CST7IN1LDE8p6tMPrFhWNuAmy0agDcmCdFmnH2j6FZOT+7shoZEw/Cm1lRLFrprOh+V9WT7F9EmRCJSlyxcYftVNJMCbDvUlLaM5Q9i1QpoWdlbAu1ZShvU7eHsGbXnkW/KPSacm99IrlfRgrB7uwB4fgwTGU4QIq4AODDtzDIzw50nlwnp2XcemcM+nZgT9yXn8A5FSQpg==</latexit>

R1
<latexit sha1_base64="iK/Jo8FMAmxTGVn7zXaURPK/FlA=">AAAB6XicbZC7TgMxEEVneYbwClDSWAQkqmiXBqiIREMZHksiJavI6ziJFa93Zc8iRat8Ag0FIFo+gpYPoKLjTyhxHgUkXMnS0b0z8syEiRQGXffLmZtfWFxazq3kV9fWNzYLW9u3Jk414z6LZaxrITVcCsV9FCh5LdGcRqHk1bB3Psyrd1wbEasb7Cc8iGhHibZgFK11fdX0moWiW3JHIrPgTaB49v3x9g4AlWbhs9GKWRpxhUxSY+qem2CQUY2CST7IN1LDE8p6tMPrFhWNuAmy0agDcmCdFmnH2j6FZOT+7shoZEw/Cm1lRLFrprOh+V9WT7F9EmRCJSlyxcYftVNJMCbDvUlLaM5Q9i1QpoWdlbAu1ZShvU7eHsGbXnkW/KPSacm99IrlfRgrB7uwB4fgwTGU4QIq4AODDtzDIzw50nlwnp2XcemcM+nZgT9yXn8A5FSQpg==</latexit>

I1
<latexit sha1_base64="jeaHUEbWDyT8D5FMClCUiiUiEUw=">AAAB6XicbZC7SgNBFIbPeo3xFrW0GYyCVdi1USsDNtpFNCaQLGF2cjYZMju7zMwKYckj2Fio2PoQtj6AlZ1vYunkUmjiDwMf/38Oc84JEsG1cd0vZ25+YXFpObeSX11b39gsbG3f6jhVDKssFrGqB1Sj4BKrhhuB9UQhjQKBtaB3Psxrd6g0j+WN6SfoR7QjecgZNda6vmx5rULRLbkjkVnwJlA8+/54eweASqvw2WzHLI1QGiao1g3PTYyfUWU4EzjIN1ONCWU92sGGRUkj1H42GnVADqzTJmGs7JOGjNzfHRmNtO5Hga2MqOnq6Wxo/pc1UhOe+BmXSWpQsvFHYSqIiclwb9LmCpkRfQuUKW5nJaxLFWXGXidvj+BNrzwL1aPSacm98orlfRgrB7uwB4fgwTGU4QIqUAUGHbiHR3hyhPPgPDsv49I5Z9KzA3/kvP4A1qeQnQ==</latexit>

I1
<latexit sha1_base64="jeaHUEbWDyT8D5FMClCUiiUiEUw=">AAAB6XicbZC7SgNBFIbPeo3xFrW0GYyCVdi1USsDNtpFNCaQLGF2cjYZMju7zMwKYckj2Fio2PoQtj6AlZ1vYunkUmjiDwMf/38Oc84JEsG1cd0vZ25+YXFpObeSX11b39gsbG3f6jhVDKssFrGqB1Sj4BKrhhuB9UQhjQKBtaB3Psxrd6g0j+WN6SfoR7QjecgZNda6vmx5rULRLbkjkVnwJlA8+/54eweASqvw2WzHLI1QGiao1g3PTYyfUWU4EzjIN1ONCWU92sGGRUkj1H42GnVADqzTJmGs7JOGjNzfHRmNtO5Hga2MqOnq6Wxo/pc1UhOe+BmXSWpQsvFHYSqIiclwb9LmCpkRfQuUKW5nJaxLFWXGXidvj+BNrzwL1aPSacm98orlfRgrB7uwB4fgwTGU4QIqUAUGHbiHR3hyhPPgPDsv49I5Z9KzA3/kvP4A1qeQnQ==</latexit>

If
<latexit sha1_base64="6PMKXcz3+jCJSaQodV+ZtFig5Wo=">AAAB8nicbVA9SwNBEJ2LXzFGjVraHEbBKtzZqF3ARrsIngkkR9jb7CVL9vaW3TkxHPkbNhYqtv4aOzt/ipuPQhMfDDzem2FmXqQEN+h5X05hZXVtfaO4Wdoqb+/sVvb2702aacoCmopUtyJimOCSBchRsJbSjCSRYM1oeDXxmw9MG57KOxwpFiakL3nMKUErdW66HWSPmKk8HncrVa/mTeEuE39OqvVyrL4BoNGtfHZ6Kc0SJpEKYkzb9xSGOdHIqWDjUiczTBE6JH3WtlSShJkwn948dk+s0nPjVNuS6E7V3xM5SYwZJZHtTAgOzKI3Ef/z2hnGF2HOpcqQSTpbFGfCxdSdBOD2uGYUxcgSQjW3t7p0QDShaGMq2RD8xZeXSXBWu6x5t361fgwzFOEQjuAUfDiHOlxDAwKgoOAJXuDVyZxn5815n7UWnPnMAfyB8/EDmgGTsg==</latexit>

If
<latexit sha1_base64="6PMKXcz3+jCJSaQodV+ZtFig5Wo=">AAAB8nicbVA9SwNBEJ2LXzFGjVraHEbBKtzZqF3ARrsIngkkR9jb7CVL9vaW3TkxHPkbNhYqtv4aOzt/ipuPQhMfDDzem2FmXqQEN+h5X05hZXVtfaO4Wdoqb+/sVvb2702aacoCmopUtyJimOCSBchRsJbSjCSRYM1oeDXxmw9MG57KOxwpFiakL3nMKUErdW66HWSPmKk8HncrVa/mTeEuE39OqvVyrL4BoNGtfHZ6Kc0SJpEKYkzb9xSGOdHIqWDjUiczTBE6JH3WtlSShJkwn948dk+s0nPjVNuS6E7V3xM5SYwZJZHtTAgOzKI3Ef/z2hnGF2HOpcqQSTpbFGfCxdSdBOD2uGYUxcgSQjW3t7p0QDShaGMq2RD8xZeXSXBWu6x5t361fgwzFOEQjuAUfDiHOlxDAwKgoOAJXuDVyZxn5815n7UWnPnMAfyB8/EDmgGTsg==</latexit>

IA
<latexit sha1_base64="6Qp5sjleAYszPHXLp0VH7Gsuvlw=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdEA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H5y+T8A==</latexit>

IA
<latexit sha1_base64="6Qp5sjleAYszPHXLp0VH7Gsuvlw=">AAAB8nicbVC7TsNAEFzzDAmPACXNiYBEFdk0QBdEA12QMIkUW9H5ck5OOT90t0ZEVho+goYCEC0fwTdQwd9weRSQMNJKo5ld7e4EqRQabfvbWlhcWl5ZLawVS+sbm1vl7Z1bnWSKcZclMlHNgGouRcxdFCh5M1WcRoHkjaB/MfIbd1xpkcQ3OEi5H9FuLELBKBrJu2p7yO8xS/PzYbtcsav2GGSeOFNSqZUevj4AoN4uf3qdhGURj5FJqnXLsVP0c6pQMMmHRS/TPKWsT7u8ZWhMI679fHzzkBwapUPCRJmKkYzV3xM5jbQeRIHpjCj29Kw3Ev/zWhmGp34u4jRDHrPJojCTBBMyCoB0hOIM5cAQypQwtxLWo4oyNDEVTQjO7MvzxD2unlXta6dSO4AJCrAH+3AEDpxADS6hDi4wSOERnuHFyqwn69V6m7QuWNOZXfgD6/0H5y+T8A==</latexit>

VDC
<latexit sha1_base64="KhKSZA8jAAt2J81rjBB7iQdrgcY=">AAAB83icbVA9TwJBEJ3DLwQ/UEubi2hiRe5s1I4EC0tMPCCBC9lbFtiwt3fuzhHJhcY/YWOhxtb/4G+w0n/j8lEo+JJJXt6bycy8IBZco+N8W5mV1bX1jexmLr+1vbNb2Nuv6ShRlHk0EpFqBEQzwSXzkKNgjVgxEgaC1YNBZeLXh0xpHslbHMXMD0lP8i6nBI3k19otZPeYxOlVZdwuFJ2SM4W9TNw5KZbzD18fAFBtFz5bnYgmIZNIBdG66Tox+ilRyKlg41wr0SwmdEB6rGmoJCHTfjo9emyfGKVjdyNlSqI9VX9PpCTUehQGpjMk2NeL3kT8z2sm2L3wUy7jBJmks0XdRNgY2ZME7A5XjKIYGUKo4uZWm/aJIhRNTjkTgrv48jLxzkqXJefGLZaPYYYsHMIRnIIL51CGa6iCBxTu4BGe4cUaWk/Wq/U2a81Y85kD+APr/QeO/5RN</latexit>

VDC
<latexit sha1_base64="KhKSZA8jAAt2J81rjBB7iQdrgcY=">AAAB83icbVA9TwJBEJ3DLwQ/UEubi2hiRe5s1I4EC0tMPCCBC9lbFtiwt3fuzhHJhcY/YWOhxtb/4G+w0n/j8lEo+JJJXt6bycy8IBZco+N8W5mV1bX1jexmLr+1vbNb2Nuv6ShRlHk0EpFqBEQzwSXzkKNgjVgxEgaC1YNBZeLXh0xpHslbHMXMD0lP8i6nBI3k19otZPeYxOlVZdwuFJ2SM4W9TNw5KZbzD18fAFBtFz5bnYgmIZNIBdG66Tox+ilRyKlg41wr0SwmdEB6rGmoJCHTfjo9emyfGKVjdyNlSqI9VX9PpCTUehQGpjMk2NeL3kT8z2sm2L3wUy7jBJmks0XdRNgY2ZME7A5XjKIYGUKo4uZWm/aJIhRNTjkTgrv48jLxzkqXJefGLZaPYYYsHMIRnIIL51CGa6iCBxTu4BGe4cUaWk/Wq/U2a81Y85kD+APr/QeO/5RN</latexit>

VDP,1
<latexit sha1_base64="F7X669EYfYydAUH/2cBdxu8wwYQ=">AAAB93icbVC7TsNAEFyHVwiPGBAVjUVAokCRTQN0kaCgDBJOIiWWdb5cklPOD92tEcFKDf9AQwGIlj/gG+j4Gy6PAhJGWmk0s6vdnSARXKFtfxu5hcWl5ZX8amFtfWOzaG5t11ScSspcGotYNgKimOARc5GjYI1EMhIGgtWD/sXIr98yqXgc3eAgYV5IuhHvcEpQS75ZrPktZHeYJtll9dgZ+mbJLttjWPPEmZJSZffx4RMAqr751WrHNA1ZhFQQpZqOnaCXEYmcCjYstFLFEkL7pMuamkYkZMrLxocPrUOttK1OLHVFaI3V3xMZCZUahIHuDAn21Kw3Ev/zmil2zryMR0mKLKKTRZ1UWBhboxSsNpeMohhoQqjk+laL9ogkFHVWBR2CM/vyPHFPyudl+9opVQ5ggjzswT4cgQOnUIErqIILFFJ4ghd4Ne6NZ+PNeJ+05ozpzA78gfHxA6PGlLs=</latexit>

VDP,1
<latexit sha1_base64="F7X669EYfYydAUH/2cBdxu8wwYQ=">AAAB93icbVC7TsNAEFyHVwiPGBAVjUVAokCRTQN0kaCgDBJOIiWWdb5cklPOD92tEcFKDf9AQwGIlj/gG+j4Gy6PAhJGWmk0s6vdnSARXKFtfxu5hcWl5ZX8amFtfWOzaG5t11ScSspcGotYNgKimOARc5GjYI1EMhIGgtWD/sXIr98yqXgc3eAgYV5IuhHvcEpQS75ZrPktZHeYJtll9dgZ+mbJLttjWPPEmZJSZffx4RMAqr751WrHNA1ZhFQQpZqOnaCXEYmcCjYstFLFEkL7pMuamkYkZMrLxocPrUOttK1OLHVFaI3V3xMZCZUahIHuDAn21Kw3Ev/zmil2zryMR0mKLKKTRZ1UWBhboxSsNpeMohhoQqjk+laL9ogkFHVWBR2CM/vyPHFPyudl+9opVQ5ggjzswT4cgQOnUIErqIILFFJ4ghd4Ne6NZ+PNeJ+05ozpzA78gfHxA6PGlLs=</latexit>

VDP,2
<latexit sha1_base64="jnwwQqe2tWSzZKcjyo+zoyLY3yo=">AAAB93icbVC7TsNAEFyHVwiPGBAVjUVAokCRnQboIkFBGSScREos63y5JKecH7pbI4KVGv6BhgIQLX/AN9DxN1weBQRGWmk0s6vdnSARXKFtfxm5hcWl5ZX8amFtfWOzaG5t11WcSspcGotYNgOimOARc5GjYM1EMhIGgjWCwfnYb9wwqXgcXeMwYV5IehHvckpQS75ZrPttZLeYJtlF7bgy8s2SXbYnsP4SZ0ZK1d2H+w8AqPnmZ7sT0zRkEVJBlGo5doJeRiRyKtio0E4VSwgdkB5raRqRkCkvmxw+sg610rG6sdQVoTVRf05kJFRqGAa6MyTYV/PeWPzPa6XYPfUyHiUpsohOF3VTYWFsjVOwOlwyimKoCaGS61st2ieSUNRZFXQIzvzLf4lbKZ+V7SunVD2AKfKwB/twBA6cQBUuoQYuUEjhEZ7hxbgznoxX423amjNmMzvwC8b7N6VKlLw=</latexit>

VDP,2
<latexit sha1_base64="jnwwQqe2tWSzZKcjyo+zoyLY3yo=">AAAB93icbVC7TsNAEFyHVwiPGBAVjUVAokCRnQboIkFBGSScREos63y5JKecH7pbI4KVGv6BhgIQLX/AN9DxN1weBQRGWmk0s6vdnSARXKFtfxm5hcWl5ZX8amFtfWOzaG5t11WcSspcGotYNgOimOARc5GjYM1EMhIGgjWCwfnYb9wwqXgcXeMwYV5IehHvckpQS75ZrPttZLeYJtlF7bgy8s2SXbYnsP4SZ0ZK1d2H+w8AqPnmZ7sT0zRkEVJBlGo5doJeRiRyKtio0E4VSwgdkB5raRqRkCkvmxw+sg610rG6sdQVoTVRf05kJFRqGAa6MyTYV/PeWPzPa6XYPfUyHiUpsohOF3VTYWFsjVOwOlwyimKoCaGS61st2ieSUNRZFXQIzvzLf4lbKZ+V7SunVD2AKfKwB/twBA6cQBUuoQYuUEjhEZ7hxbgznoxX423amjNmMzvwC8b7N6VKlLw=</latexit>

16.5k
<latexit sha1_base64="S0gmLW1AyIiU3v+C6coRW7qnNX4=">AAAB63icbVBNS8NAEJ34WetX1aOXxSp4KknBr1vBi8cKxhbaUDbbSbt0swm7G6GE/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE/lgxikGMR1IHnFGjZV877J2MepVqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QM6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLrIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12s3Nfe+Xm2cFmmU4BhO4Bw8uIIG3EETfGDA4Rle4c2Rzovz7nzMW1ecYuYI/sD5/AH9/I2U</latexit>

16.5k
<latexit sha1_base64="S0gmLW1AyIiU3v+C6coRW7qnNX4=">AAAB63icbVBNS8NAEJ34WetX1aOXxSp4KknBr1vBi8cKxhbaUDbbSbt0swm7G6GE/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE/lgxikGMR1IHnFGjZV877J2MepVqm7NnYEsE68gVSjQ7FW+uv2EZTFKwwTVuuO5qQlyqgxnAiflbqYxpWxEB9ixVNIYdZDPjp2QM6v0SZQoW9KQmfp7Iqex1uM4tJ0xNUO96E3F/7xOZqLrIOcyzQxKNl8UZYKYhEw/J32ukBkxtoQyxe2thA2poszYfMo2BG/x5WXi12s3Nfe+Xm2cFmmU4BhO4Bw8uIIG3EETfGDA4Rle4c2Rzovz7nzMW1ecYuYI/sD5/AH9/I2U</latexit>

3.5k
<latexit sha1_base64="htuDTtwp5kXI0xr6qkK2uSBTuy4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSp4CklF1FvBi8cKxhbaUDbbTbt0dxN2N0IJ/QtePKh49Rd589+4aXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmWrur2zu7dfOzh81EmmCA1IwhPVibCmnEkaGGY47aSKYhFx2o7Gt4XffqJKs0Q+mElKQ4GHksWMYFNIF+7luF+re643A1omfknqUKLVr331BgnJBJWGcKx11/dSE+ZYGUY4nVZ7maYpJmM8pF1LJRZUh/ns1ik6s8oAxYmyJQ2aqb8nciy0nojIdgpsRnrRK8T/vG5m4uswZzLNDJVkvijOODIJKh5HA6YoMXxiCSaK2VsRGWGFibHxVG0I/uLLyyRouDeud9+oN0/LNCpwDCdwDj5cQRPuoAUBEBjBM7zCmyOcF+fd+Zi3rjjlzBH8gfP5A4mqjVY=</latexit>

3.5k
<latexit sha1_base64="htuDTtwp5kXI0xr6qkK2uSBTuy4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSp4CklF1FvBi8cKxhbaUDbbTbt0dxN2N0IJ/QtePKh49Rd589+4aXPQ1gcDj/dmmJkXpZxp43nfzsrq2vrGZmWrur2zu7dfOzh81EmmCA1IwhPVibCmnEkaGGY47aSKYhFx2o7Gt4XffqJKs0Q+mElKQ4GHksWMYFNIF+7luF+re643A1omfknqUKLVr331BgnJBJWGcKx11/dSE+ZYGUY4nVZ7maYpJmM8pF1LJRZUh/ns1ik6s8oAxYmyJQ2aqb8nciy0nojIdgpsRnrRK8T/vG5m4uswZzLNDJVkvijOODIJKh5HA6YoMXxiCSaK2VsRGWGFibHxVG0I/uLLyyRouDeud9+oN0/LNCpwDCdwDj5cQRPuoAUBEBjBM7zCmyOcF+fd+Zi3rjjlzBH8gfP5A4mqjVY=</latexit>

Figure 3: Circuit diagram for (a) the large signal model of a single
stage of the Serge TWS and (b)–(c) the two subcircuits at the neg-
ative and positive terminals of the LM3900 amplifier, respectively.
Blue and red diodes represent BJT base–emitter junction diodes
and 1N4148 silicon diodes, respectively.

3.1. Input Section

We begin our analysis by computing the value of currents Ip and
If. By applying Kirchhoff’s current law (KCL) at the node labeled
VDP in Fig. 3(a) we can establish that

I1 = Ip � If � IA. (1)

Next, we make the assumption that when either of the two
diodes in the input section conducts, the contribution of the other
one to the total value of I1 will be close to zero. Therefore, we can
analyze the two subcircuits shown in Figs. 3(b) and 3(c) indepen-
dently. This approach will allow us to explicitly calculate Ip and
If separately at each input sample without introducing discontinu-
ities or significant errors in the model. As discussed in the previous
section, we assume that the internal biasing in the Norton amplifier
together with the application of negative feedback ensures that the
diode inside the negative terminal is always forward-biased. This
means that we can treat it as a fixed voltage node that we define to
be clamped at VDC = 516mV based on SPICE simulations.

For the subcircuit in Fig. 3(b), we apply Kirchhoff’s voltage

Table 1: Component/parameter values.

Name Value Name Value
R1 220 k⌦ Is,2 2.52 nA
R2 1.5 M⌦ ⌘1 1
R3 16.5 k⌦ ⌘2 1.752
R4 3.5 k⌦ VT 25.864 mV
R5 1 k⌦ VDC 516 mV
Is,1 10�14 A Ibias 30 nA

law (KVL) and KCL to establish that

Vin = R1I1 + VDP,1 (2)
I1 = IP � IA, (3)

where Ip can be written using Shockley’s diode equation as

Ip = Is,1

✓
exp

✓
VDP,1

⌘1VT

◆
� 1

◆
, (4)

where parameters Is,1, ⌘1 and VT represent the reverse bias satura-
tion current, ideality factor and thermal voltage (at room tempera-
ture) of an ideal base–emitter p–n junction, respectively. All of the
parameters required to implement the proposed model are given in
Table 1. The tabulated semiconductor parameters were obtained
from the LM3900 datasheet [22] and SPICE component models.
By combining (2) and (3) with (4), we arrive at the implicit rela-
tionship

VDP,1 = Vin +R1IA �R1Is,1

✓
exp

✓
VDP,1

⌘1VT

◆
� 1

◆
, (5)

which has the explicit solution

VDP,1 = Vin +R1IA +R1Is,1

� ⌘1VTW
✓
R1Is,1

⌘1VT
exp

✓
Vin +R1IA +R1Is,1

⌘1VT

◆◆
,

(6)

where W ( ) is the Lambert-W function. The use of the Lambert-W
function to solve the implicit current-voltage relationship of diodes
was first proposed in [30], and extended in [31] and [32].

This same procedure can be followed for the subcircuit in
Fig. 3(c), which gives us the explicit formulation

VDP,2 = Vin +R1IA �R1Is,2

+ ⌘2VTW
✓
R1Is,2

⌘2VT
exp

✓
VDC +R1Is,2 � Vin �R1IA

⌘2VT

◆◆
,

(7)

where Is,2 and ⌘2 are the reverse bias saturation current and ideality
factor of the 1N4148 silicon diode, respectively. Once the value of
VDP,2 is known, the current If can be evaluated as

If = Is,2

✓
exp

✓
VDC � VDP,2

⌘2VT

◆
� 1

◆
. (8)

Figure 4 shows the value of currents Ip and If computed using
(4) and (8), respectively. Both currents are plotted against mea-
surements obtained from a SPICE simulation (gray lines) of the
large-signal model in Fig. 3(a). These results indicate our previ-
ous assumptions do not alter the overall general behavior of the
model.
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Figure 4: Value of Ip and If as a function of Vin computed using the
proposed model and plotted against SPICE measurements (light
gray lines).

3.2. Feedback Section

Having computed currents Ip and If we can analyze the feedback
section of the circuit and derive a closed-form expression for Vout.
As before, we apply KVL and KCL at the node labeled VDC to
derive the relationships

Vout = R2I2 + VDC (9)

I2 = If + Ip + Ibias � IB � I3, (10)

where Ibias = 30 nA [22] and

I3 = Is,2

✓
exp

✓
Vx � VDC

⌘2VT

◆
� 1

◆
. (11)

Here, Vx (highlighted in green in Fig. 3(a)) represents the voltage
at the wiper node of the potentiometer in Fig. 2. Combining (11)
with (9) and (10) gives us

Vout = VDC +R2IG �R2Is,2

✓
exp

✓
Vx � VDC

⌘2VT

◆
� 1

◆
, (12)

where the substitution IG = (If + Ip + Ibias � IB) has been used
for clarity. Similarly, applying KVL and KCL at Vx we arrive at
the expression

Vout = R3Is,2

✓
exp

✓
Vx � VDC

⌘2VT

◆
� 1

◆
+GVx, (13)

where G = (R3/R4 + 1). If we then equate (12) and (13), and
solve for Vx, we arrive at the implicit expression for the wiper volt-
age

Vx =
VDC +R2IG

G
� R2 +R3

G

✓
exp

✓
Vx � VDC

⌘2VT

◆
� 1

◆
,

(14)
which can be solved using the Lambert-W function as

Vx =
VDC +R2IG + (R2 +R3)Is,2

G
� ⌘2VTW

 
(R2 +R3)Is,2

G⌘2VT

⇥ exp

✓
�VDC

⌘2VT

◆
exp

✓
VDC +R2IG + (R2 +R3)Is,2

G⌘2VT

◆!
.

(15)

This expression can be used to compute the value of Vx which can
then be used to compute the value of Vout by evaluating either (12)
or (13).

3.3. Output Clipping

As explained in Section 2, the LM3900 operates on a single power
supply and is unable to generate voltages below approximately
90 mV. Therefore, this behavior must be accounted for in the pro-
posed model. For the sake of simplicity, we propose an ad hoc ap-
proach that involves emulating the clipping behavior with a piece-
wise nonlinear function. We introduce a new voltage variable eVout
which represents the value of the output voltage after clipping. The
expression for the proposed clipper can be written as

eVout =

(
Vclip Vout  Vclip

Vclip

q
1 + ( Vout

Vclip
� 1)2 otherwise

(16)

where Vclip = 90mV.

3.4. Model Summary

Having derived all the necessary expressions, in this section we
provide a summary of the steps required to emulate the circuit in
the digital domain. Since the circuit is static, we can compute the
output directly by assuming a discrete-domain input signal Vin[n],
where n is the sample index. The steps required to compute eVout[n]
are:

1. Evaluate voltages VDP,1[n] and VDP,2[n] using (6) and (7),
respectively.

2. Compute currents Ip[n] and If[n] using (4) and (8).
3. Evaluate voltage Vx[n] using (15).
4. Evaluate Vout[n] using either (12) or (13).
5. Apply the clipping function (16).
Figures 5(a) and 5(b) show the input–output relationship of

the circuit for different values of IA evaluated using the proposed
model and with SPICE, respectively. This comparison indicates
a good match between the proposed model and its corresponding
SPICE simulation, with a maximum difference of approximately
22 mV, as shown in Fig. 5(c). As shown in these figures, the system
exhibits a highly nonlinear behavior which resembles that of a soft
clipper cascaded with a full-wave rectifier. Adjusting the value of
IA changes the x-axis symmetry of the circuit.

Similarly, the plots in Figures (6)(a) and (6)(b) show the effect
of increasing control current IB from 0 to 3µA. This parameter ap-
pears to “open” or “widen” the shape of the nonlinearity. The clip-
ping behavior of the LM3900 is evident in these plots. Once again,
the proposed model shows a good match with its corresponding
SPICE simulation, with a maximum difference of approximately
70 mV (cf. Fig. (6)(c)). This increased difference can be attributed
to the ad hoc modeling of the clipping stage.

Finally, the curves in Figures 7(a) and 7(b) shows the mea-
sured input–output relationship of a real Serge TWS built accord-
ing to the schematic given in Fig. 2. The behavior of the circuit
was measured for different values of control voltages VC1 and VC2.
When compared with Figs. 5(b) and 6(b), these results further
demonstrate the proposed model preserves the salient character-
istics of the circuit.

3.5. AC Coupling

The plots in Figures 5 and 6 show that the output of the Serge
TWS will exhibit a static DC offset. The original circuit solved
this by providing an additional AC-coupled output [29]. This is
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SPICE

Model

Figure 5: Input–output relationship of a single stage in the Serge
TWS for values of IA between 0–3µA (IB = 0A) simulated using
(a) SPICE and (b) the proposed model, and (c) the absolute value
of the difference between both sets of curves.

quite typical in Serge modules as they were designed to process
not only audio signals but also control voltages, which must be
DC-coupled. In the digital domain, an AC-coupled version of the
output can be computed, for instance, by using the first-order DC
blocker proposed by Pekonen and Välimäki in [33]. The z-domain
transfer function of this filter is defined as

HDC(z) =
1 + p
2

1� z�1

1� pz�1
, (17)

where p = tan(⇡/4 � ⇡fc/Fs), Fs is the sampling rate of the
system and fc is the cut-off frequency of the filter, set at 2 Hz in
this case.

4. RESULTS

In this section we examine the time- and frequency-domain behav-
ior of the circuit when driven by sawtooth waveforms, as recom-
mended in the original user manual [5]. Figure 8 shows the output
of a single stage of the Serge TWS when driven by an 80-Hz saw-
tooth waveform with peak amplitude of 1 V for different values of
IA when IB = 0. The resulting waveforms have been stacked on
top of each other to help visualize the evolution of the output sig-
nal as a function of IA. To minimize the effects of aliasing, the
original input waveform (shown in blue at the top of the plot) was
synthesized using the first-order differentiated parabolic waveform
(DPW) algorithm at a sampling rate Fs = 352.8 kHz (i.e. 8-times
oversampling w.r.t. standard audio rate) [13]. This sample rate is
used throughout the rest of this study. From this figure we can

SPICE

Model

Figure 6: Input–output relationship of the system for values of IB
between 0–3µA (IA = 0A) simulated using (a) the digital model
and (b) SPICE, and (c) the absolute value of their difference.

observe that the circuit does indeed transform the input waveform
into something that resembles a sine wave. The best results are
obtained when IA ⇡ 1.5µA, as the circuit exhibits near-perfect
even symmetry (cf. Fig. 5).

This case is presented in greater detail in Figs. 9(c)–(d) which

Figure 7: Measured analog input–output behavior of the circuit in
Fig. 2 for different values of VC1 and VC2.
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Figure 8: Output of the proposed model when driven by an 80-Hz
sawtooth waveform for different values of IA (IB = 0).

show the waveform and magnitude spectrum of a 200-Hz sawtooth
waveform with peak amplitude of 1 V processed by the model for
IA = 1.5µA. These results show that, as originally advertised,
the circuit can indeed approximate a sinusoidal waveform when
driven by a 1-V sawtooth signal. Although the resulting waveform
shows a strong presence of the second harmonic, nearly all other
partials have been significantly attenuated. However, this behavior
is heavily dependent on the level of the input signal. Figures 9(e)–
(f) show the result of driving the proposed model with a 2.5-V
sawtooth waveform. In this case the resulting waveform no longer
resembles a sine wave, as it exhibits considerably high harmonic
content. As a reference, Figs. 9(a)–(b) present the waveform and
magnitude spectrum of the 200-Hz sawtooth input.

Next, we consider the effect of control current IB on the out-
put. Figure 10 shows the output of the Serge TWS when driven

Figure 9: Waveform and magnitude spectrum of (a)–(b) a 200-Hz
sawtooth, (c)–(d) a 1-V and (e)–(f) a 2.5-V sawtooth processed by
the proposed model. Parameters IA = 1.5µA and IB = 0A.

Figure 10: Output of the proposed model when driven by an 80-Hz
sawtooth waveform for different values of IB (IA = 0).

by a 80-Hz sawtooth waveform with peak amplitude of 1 V for
different values of IB when IA = 0. As shown in these plots,
increasing the value of IB increases the amount of clipping intro-
duced by the circuit. These results go in accordance with the the
input–output relationship of the model (cf. Fig 6). Lastly, Fig. 11
shows the recorded analog response of the circuit when driven by
an 80-Hz sawtooth signal under different settings. These results
further validate the accuracy of the proposed model, as they match
the waveforms depicted in Figs. 8–9. The measured waveforms
were normalized during the recording process.

We observe the frequency domain behavior of the system by
considering the spectrograms in Figs. 12 and 13. The first spectro-
gram shows the effect of varying control current IA linearly for a
static 500-Hz sawtooth input (peak amplitude of 1 V). We can once
again observe the region of values of IA for which the waveshaper
approximates a sinusoidal output. Overall, this behavior contrasts

Figure 11: Measured analog time-domain behavior of a single
stage in the Serge TWS when driven by an 80-Hz analog sawtooth
waveform for different values of VC1 and VC2 (cf. Fig. 2).
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Figure 12: Magnitude response of a single stage in the Serge TWS
when driven by a 1-V 500-Hz sawtooth waveform for values of IA
between 0–3µA and IB = 0A.

that of other Serge circuits, such as the middle section of the VCM
which is designed to expand the frequency content of sinusoidal
waveforms [4]. The second spectrogram shows the effect of mod-
ulating IB for a static value of IA = 2µA. This value was chosen
as it displayed interesting and complex harmonic patterns.

Finally, we briefly consider what happens when the three iden-
tical waveshapers in the Serge TWS are connected in series. This
form of usage of the circuit is so popular that some re-issues of
the module (e.g. the Random*Source Serge Triple+ Waveshaper8)
even feature integrated switches to link the stages internally. Fig-
ure 14 shows the output waveforms that result from processing
an 80-Hz sawtooth waveform (peak amplitude 2.5 V) using three
stages in cascade. Control parameters IA and IB where kept con-
stant between stages. The DC blocker (17) was used in between
each stage. As shown in these plots, the cascaded configuration no
longer operates as originally intended. Nevertheless, it can be used
to produce the complex waveforms that characterize West Coast
synthesis.

Overall, the sonic possibilities offered by the Serge TWS are
quite vast. By manipulating all free input parameters, i.e. in-
put level and control currents, different timbral effects can be
achieved. When all three stages are cascaded, the number of com-
binations increases even further, as the parameters of each stage
can be modulated independently. Sound articulation and timbral
variety are then achieved by modulating the control currents in
real-time. It should also be noted that the use of the circuit is not
restricted to sawtooth signals. It can be used to process virtually
any input waveform regardless of its harmonic nature. This makes
the Serge TWS an extremely powerful and versatile synthesis tool.

5. CONCLUSIONS

In this work we examined the underlying structure of the Serge
TWS module. We introduced Norton amplifiers and discussed
the use of a simplified large-signal model for their emulation

8http://randomsource.net/serge_euro
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Figure 13: Magnitude response of a single stage in the Serge TWS
when driven by a 1-V 500-Hz sawtooth waveform for IA = 2µA
and values of IB between 0–3µA.

in the digital domain. A digital model of a single waveshap-
ing stage in the module was proposed. The model was vali-
dated against a SPICE simulation of the same circuit. Results
from driving the proposed model with multiple sawtooth wave-
forms show the Serge TWS can be used to transform sawtooth
signals into sinusoidal waveforms, but can also be used to gen-
erate highly complex signals with interesting harmonic patterns.
This study provides an insight into Serge Tcherepnin’s approach
to synthesis and opens the door for further study of his iconic
circuits. Supplementary materials for this paper can be found in
the accompanying website http://research.spa.aalto.
fi/publications/papers/dafx18-serge-tws.

Figure 14: Results of processing an 80-Hz sawtooth waveform
using three waveshapers arranged in series. The values of IA and
IB used for these simulations are indicated on top of each subplot.
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