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Designing for Ultra-Low
THD+N (Part 2)
Resistors and Capacitors
The first article in this series described how factors beyond the schematic can
eﬀect an audio circuit design’s real-world performance. This article examines the
most common passive components on a circuit board—resistors and capacitors.
This article’s focus is not what makes the “best” audio amplifier nor do I make
any audible quality claims. I shall leave those subjective matters to others.
Instead, I will discuss what we at Audio Precision have been doing for many
years—understanding what is in fact measurable and what mechanisms contribute
to the imperfections we find.

Resistors in Analog Design

Resistors come in many forms, incorporating
several diﬀerent technologies, and they are available at many diﬀerent price points (see Photo 1).
The primary types used in audio include: carbon
a)

c)
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composition, thick film, thin film or metal film, metal
foil, and wire wound.
To one degree or another, all of these constructions exhibit two primary types of nonlinearity:
voltage coeﬃcient and power (thermal) coeﬃcient.
b)

Photo 1: Even though the surface-mount resistors
look essentially the same to the naked eye and share
many of the same process steps, thick film (a, b)
and thin film (c) resistors are very diﬀerent. Thin
film resistors can achieve much lower tolerances
and resistor temperature coeﬃcients than thick
film resistors. They are also stable at much higher
frequencies and will be significantly more stable
over their lifetime. (Photos courtesy of KOA Speer
Electronics)

I’ll discuss how each can be modeled and how this
can aﬀect ultra-low THD+N designs.

Defining Resistor Terms

Resistor Temperature Coefficient—All resistors
exhibit value changes as a function of temperature.
The temperature coeﬃcient of resistance (TC R)
describes the magnitude of this sensitivity and is
expressed in units of parts per million per degree
C (ppm/C).
In addition to the TCR’s static (DC) values, there
is also a dynamic component, which is the result
of temperature changes propagating through a
resistor as a function of time. This function is often
referred to as the resistor power coeﬃcient, as
it represents the eﬀects of temperature changes
caused by the dissipation of energy in the resistor
as a result of applied signals.
Resistor Voltage Coefficient—In addition to
changes in value due to temperature, a resistor’s
value may also change as a function of applied
voltage. The voltage coeﬃcient of resistance (VCR)
describes the magnitude of this eﬀect for a given
resistor.
The value is expressed in units of parts per
million per volt (ppm/V). This value is generally
positive and results in a decrease of resistance as
applied voltage increases.

Resistor Type Summary

All resistors are not created equal. There are
many types of resistors, each with distinctly different behaviors.
Carbon Composition Resistors—A carbon composition resistor’s resistive element is a compact
mixture of carbon and ceramic held together in
a resin base.
Experienced readers will recall that prior to
the 1970s, carbon composition resistors were
extremely common. This is not true today and for
good reasons. Carbon composition resistors usually
have poor tolerance (typically 5% to 20%); poor
TC R (typically 150 to 1,000 ppm/C)—and worse at
lower values. These resistors also have high modulation noise and high VCR compared to other types
While still useful in some non-audio applications,
carbon composition resistors are not recommended
for high-performance analog designs. One interesting
audio exception is the vacuum tube guitar amplifier
design, in which the distortion characteristics of early
eras are still prized.
Thick Film Resistors—A thick film resistor’s
resistive element is a conductive film applied to
the surface of a cylindrical or rectangular substrate.

Resistance is determined by the film composition
and the etching pattern.
This type of resistor is currently popular for
general-purpose applications. It oﬀers much better
performance than composition type resistors. Thick
film resistors have good tolerance (0.1% to 2%),
good TC R (typically 100 to 250 ppm/C), adequate
VC R (it varies considerably from brand to brand,
but it can be as high as 10 ppm/V), and adequate
modulation noise.
Thin Film (Metal Film) Resistors—Thin film resistor’s resistive element is a stable conductive film
that is sputtered onto the surface of a cylindrical
or rectangular substrate. Resistance is determined
by film thickness and pattern.
Thin (metal) film resistors oﬀer superior performance when compared to their thick film counterparts, but at much higher cost. Thin film resistors
oﬀer excellent tolerance (0.02% to 1%), excellent
TCR (which is typically 5 to 25 ppm/C but it can be
as low as 2 ppm/C), excellent VCR (between 0.1 and
1.0 ppm/V), and excellent modulation noise.
Metal Foil Resistors—A metal foil resistor’s resistive element is a special alloy metal foil that is the
cemented to an inert substrate. Resistance is determined by foil characteristics and pattern. Trimming
is accomplished by opening links in the foil pattern,
which is more stable than “L” cut trimming.
Metal foil resistors feature the best performance
at DC. They are also the most expensive. Metal
foil resistors oﬀer outstanding tolerance (as low as
0.001%), outstanding TCR (as low as 0.05 ppm/C),
outstanding VC R (typically less than 0.1 ppm/C),
and extremely low modulation noise.
However, praise for metal foil resistors comes with
a caveat. Their low-frequency modulation distortion
can be much worse than expected.
Wire-Wound Resistors—The resistive element for a
wire-wound resistor is a wire with a low-temperature
coeﬃcient that is carefully wound on a substrate. Its
resistance is determined by the wire’s composition,
length, and thickness.
Wire-wound resistors are typically appropriate
only for smaller resistance values, but they can
support high peak and average power ratings. They
exhibit almost no VCR, but due to the combination
of low values, stray inductance, and other parasitic eﬀects, they are uncommon in modern audio
circuits.

Resistor Nonlinearity

Resistors exhibit nonlinearity from two sources:
the voltage coeﬃcient and the power (thermal) coefficient. To understand the diﬀerences, I will explain
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how these are modeled.
Resistor Voltage Coefficient Nonlinearity—In
most common electronics designs, the VCR is safely
assumed to be negligible. This is not the case when
designing ultra-low THD+N devices. Note that while
VC R and the subsequent TC R are correlated as a
matter of practice, they represent wholly separate
phenomena, which must be taken into account.
The model commonly used for voltage coeﬃcient
nonlinearity is dependent on the applied voltage,
as shown below:
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Because this model employs the absolute value
of the applied voltage (VS), use of a Taylor series
is not appropriate. However, we can estimate the
distortion by taking the fast Fourier transform (FFT)
of the product of a sinusoidal signal multiplied by
a full-wave rectified version of itself (e.g., the FFT
of sin(ωt) × | sin(ωt)|). In this case, it follows that:
≈

Assuming no significant DC component, and thus:
×

≈

Note the proportionality to VS and not VS as might
be expected if you used a Taylor series model for
nonlinearity.
2
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In other words, the fifth harmonic‘s magnitude
is estimated to be approximately –17 dB below
the third harmonic. It is clear that nonlinearities
due to this mechanism are dominated by the third

harmonic’s presence.
Resistor Power Coeﬃcient Nonlinearity—The nonlinearities that arise from power dissipation in a
resistor are a result of temperature changes, forming a correlation between applied signals and the
TCR. Simply looking at a static model of the power
coeﬃcient, we can model this as:
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Where k P is our power coeﬃcient and P S is the
power being dissipated by the resistor. The power
coeﬃcient is expressed in units of ppm/W and may
be either positive or negative.
Resistor Thermal Modulation Nonlinearity—The
power coeﬃcient model is a static description of
the eﬀects of internal heating due to an applied
voltage. In ultra-low THD+N analog design, nonlinearities that are correlated with changes in signals
can aﬀect the outcome.
Because a resistor cannot instantaneously dissipate heat, the eﬀects of thermal changes due to
applied signals are complex functions of frequency
that are highly dependent upon resistor size, placement, and construction. Thermal modulation can
be modeled as follows:
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Where Z(ω) is the device thermal impedance as a
complex function of frequency. As ω -> 0, | Z(ω)|
-> θR, or the DC thermal resistance.
Thermal Modulation at Very Low Frequencies—At
very low frequencies (typically less than 0.2 Hz), the
resistor reaches thermal equilibrium as quickly as
the signal varies. The model can be used to predict:
≈

A True Story of Resistance
About 13 years ago, a certain manufacturer
changed its network substrate material from
ceramic to passivated silicon without notifying
customers. Ceramic is brittle. It is also more
expensive to process and cut to size, and the
company was hoping to save money.
A lthough the re sis tor D C p arameter s
remained unchanged, the AC performance
proved to be disasterous. The stray capacitance between each resistor and
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t he subs trate was higher and nonlinear.
It is believed that P-I-N diodes were formed
between each resistor and the semi-conducting substrate, thus causing the voltage drop in
one resistor to generate distortion products in
the other resistors!
The manufacturer quickly added the “option”
to specify the original ceramic substrate when
told it was about to be disqualified by key
customers.

Assuming no significant DC bias:
× θ

×

≈
≈

Contrast this with 5HD ≈ 3HD/7 for the
resistor voltage coeﬃcient distortion.
Thermal Modulation at Low Frequencies—Within the 5-to-200-Hz range, the
magnitude of Z(ω) is usually (though not
always) much smaller than θR, rolling oﬀ
to near zero above 1 to 5 kHz.
There are exceptions. My recent experiments (which are also corroborated by
another individual) show that some metal
foil resistors with exceptionally low TC R
behave as if | Z(ω)| >> θR, thus contributing higher modulation distortion than a
thin film resistor with a larger TC R under
identical conditions.
Controlling the Eﬀects of Resistor Nonlinearity in Audio Circuits—The mechanisms
previously described may have measurable
eﬀects on audio circuits.
Resistor Voltage Coeﬃcient Eﬀects—Even
low VCR values can introduce measurable
distortion. Consider a single feedback resistor in an amplifier producing a 50-V output, which is not an uncommon value in
higher power designs. Even if this resistor
provides a respectable 10 ppm/V VCR, it is
now contributing 0.05% distortion, which
is very significant.
Now, consider that there are many
resistors in the circuit, all contributing in
varying ways and degrees. Wisely choosing
resistors can make a real diﬀerence in your
design’s quality.
Reducing Voltage Coeﬃcient Nonlinearity—Use thin film resistors for most applications. These resistors are much better than
thick film with regard to VCR by a factor of
5 to 10. Never use carbon composite resistors, unless high amounts of VCR distortion
are desired.
Using multiple resistors in series can
significantly reduce problems associated
with VC R . A string of n identical resistors
in series reduces the applied voltage across
each to V/n, thus reducing the eﬀect of any
VCR nonlinearity.
Resistor Temperature Coef f icient

Eﬀects—As I discussed earlier, the thermodynamic behavior of resistive elements
means that a resistor cannot instantaneously change temperature as the signal
across it changes. It acts as a low-pass
filter for temperature change.
At DC, there is not a problem with
regard to linearity as the resistor is nominally at thermal equilibrium. Likewise, at
very high frequencies any changes occur
so rapidly that the low-pass filtering eﬀect
of the resistor’s thermal behavior results
in an even temperature distribution across
the element.
Problems occur in a middle zone of
approximately 5 to 200 Hz. In this range,
the resistive element’s temperature may
vary with time as a function of signal. It
may also vary as a function of location
within the resistor itself. The result can
be significant and measurable distortion at
those low—and often audible—frequencies.
Making matters worse from an audio
perspective, the temperature coeﬃcient’s
eﬀects are proportional to the signal’s absolute value applied across the resistor. This
means the resulting distortion is dominated
by third harmonics—a very audible variety
of distortion that occurs in a high hearing
sensitivity area.
Reducing Temperature Coeﬃcient Nonlinearity—Avoid the common 25-ppm/C
characteristic in critical circuit locations.
Instead, opt for premium parts that deliver
10-ppm/C or even 5-ppm/C characteristics.
Avoid metal foil resistors. While they
have very low temperature coeﬃcients (less
than 1 ppm/V), they exhibit poor AC performance. This information isn’t found in
the datasheets, which typically only show
DC values.
For surface-mount technology (SMT)
resistors, only use the 1206 size. Smaller
resistors exhibit increasingly larger dynamic
thermal impedances, thus exacerbating signal-dependent nonlinearity for ultra-low
THD+N audio.
Limit the signal across resistors to
approximately 20 mWpk or about 3 VRMS
(12 dBu) for the lowest distortion. Also,
use series-parallel combinations in circuits
requiring higher peak power dissipation or
higher voltage.
Resistor Networks—Resistor networks
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Photo 2: Mechanical resonance is a key feature in audio capacitors, which come in a variety of types and sizes. (Photo
courtesy of Humble Homemade Hifi, www.humblehomemadehifi.com/Cap.html)

oﬀer extremely low diﬀerential temperature coefficients. They are especially useful in applications
that benefit from precise ratio matching.
Ratio accuracy can be as good as 0.01% for thin
film and 0.001% for metal foil. Watch for high thermal
modulation eﬀects with metal foil resistor networks.
Avoid large ratios of R (e.g., 10:1 or higher). The
best performance is achieved when all resistors are
of equal value.
The small size of some resistor networks (e.g.,
SOIC-8/-16) means a higher thermal impedance such
as Z(ω). The result is higher thermal modulation
distortion than discrete resistors.
Reducing Noise from Resistors—Resistor noise
voltage is proportional to √R and to √T. Hence, a
low-noise analog circuit design implies the use of the

a)

Photo 3a: Auricap
metalized Polypropylene
capacitors are
cylindrically wound with
epoxy end fill. b) Cicada
Pure Aluminium Foil
100VDC type MKP (Photo
courtesy of Humble
Homemade Hifi, www.
humblehomemadehifi.
com/Cap.html)
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lowest possible resistor values that are consistent
with power dissipation and distortion requirements
and circuit topologies that inherently minimize the
value of resistors in the signal path. Use only thin
film or metal foil resistors when they must pass
significant DC bias currents.

Capacitors in Analog Design

Capacitors are used for AC coupling and signal EQ
in analog designs. While many people may think that
coupling capacitors contribute little or nothing to an
audio signal’s quality, this is not true. Poor choices
in the selection of coupling capacitors can have a
dramatic eﬀect on an analog design’s performance.
Like resistors, capacitors are implemented in a
variety of ways to meet goals of cost, behavior, and

b)

performance (see Photo 2). The common
types of dielectric materials found in audio
signal paths are: polymer film (PET, PEN,
PPS, PP, PS, and PTFE), ceramic (Z5U, X7R,
NP0, and Hi-K), mica, and glass.
Polymer File Capacitors—There are
many types of polymer film capacitors
(see Photo 3a). Polystyrene (PS) provides
excellent performance with a low temperature coeﬃcient (approximately 100 ppm/C).
However, it has a low melting point (85°C),
which can result in damage due to soldering. Polypropylene is often an attractive
alternative with a higher melting point
(105°C) but it also has a higher temperature coeﬃcient (up to 250 ppm/C).
Metalized Film vs. Film-Foil Construction
Capacitors—The primar y dif ference
between polymer file capacitors with
regard to ultra-low THD+N designs
concerns the construction.
Film-foil capacitors (also called metal
foil) are made using two plastic films as
the dielectric. Each film is coated with a
thin metal foil that acts as the electrodes
(see Photo 3b).
Metalized film capacitors also use a
plastic film as a dielectric, with electrodes
formed by vacuum-depositing aluminum
on one or both sides of the film. Film-foil
capacitors exhibit lower equivalent resistance and support higher current surges.
If possible, select only film-foil types for
signal path use in audio designs.
Ceramic Capacitors—With one notable
exception, ceramic capacitors are not suitable for use in high-performance analog
design, as they exhibit very high voltage
dependent nonlinearities.
The exception is the “NP0,” or “COG”
type of ceramic capacitor. These boast low
dissipation factors and frequency dependences. They also have low temperature
coeﬃcients (30 ppm/C specified, 15 ppm/C
typical). They are extremely stable and
virtually immune to humidity.
NP0 types are available in values
up to 100 nF with voltage ratings up to
500 V. To achieve higher values and the
best performance, consider paralleling
multiple NP0 capacitors and avoid ones
rated at 25 V. The larger voltage rated
capacitors (i.e., 50 and 100 V) are not much
larger and oﬀer superior linearity.

In addition to common nonlinearities,
certain low-grade ceramic capacitors
(e.g., Z5U, Y5Y, and Hi-K) can exhibit
strong piezoelectric eﬀects. This means
that mechanical stresses on the capacitor
can induce voltages across itself, which is
something to be avoided at all costs.
Mica Capacitors—Long ago, mica capacitors were highly regarded for analog
design, but this is no longer true. While
mica oﬀers good stability, it is a product of nature for which the better sources
are now depleted. With the availability and
lower temperature coeﬃcient of NP0 (COG)
ceramic capacitors, there is simply no good
reason to specify a mica capacitor.
Glass Capacitors—Glass is among the
most stable and inert of dielectrics, with
virtually no aging and a near-zero voltage coeﬃcient. However, glass exhibits a
higher temperature coeﬃcient than NPO
ceramics and is diﬃcult to form with great
accuracy, resulting in typical tolerances of
5%. Values of 1% to 2% are available, but
extremely expensive.
Microphonic Eﬀect in Capacitors—In
any capacitor:

(

×

)

This equation is often simplified to:
×

However, “C” itself is not necessarily constant. It may vary as a function of voltage and mechanical stress, can be captured as:
×

×

The clear insight to draw from this is to
minimize the DC potential across all capacitors in series with the signal path.

Details Matter

Ultra-low THD+N does not occur by
accident nor does it manifest purely in
schematic diagrams. It is the result of
careful attention to detail, clever circuit
design, and the selection of high-quality
components that are appropriate for each
specific job. ax
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