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Spectral characteristics of the responses of primary auditory-nerve fibers to
amplitude-modulated signals
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The spectral responses of cat single primary auditory nerve fibers to sinusoidal amplitude-modulated (AM) and double-sideband
(DSB) acoustic signals applied to the ear were examined. DSB is an amplitude-modulated signal with a suppressed carrier. Period
histograms were compiled from the neural spike-train data, and the frequency spectrum was determined by Fourier transforming
these histograms. For DSB signals, spectral components were found to be present at the frequencies of the stimulus as well as at
certain combination frequencies. For AM signals, several clusters of spectral components were present. The lowest-frequency cluster
consisted of components at DC, at the modulation frequency, and at its harmonics. A higher frequency cluster occurs around a
component with the frequency of the carrier. The components of cluster are separated from the carrier by the modulation frequency
and its harmonics. Yet higher-frequency clusters appear around multiples of the carrier frequency with components at frequencies
separated from these multiples by the modulation frequency and its harmonics. The magnitudes of these spectral components were
determined for carrier frequencies located below, at, and above the characteristic frequency of the units, and for different stimulus
levels, modulation frequencies, and modulation depths. The low-frequency components present in the neural spike train appear to be
the result of demodulation taking place in the inner ear. The demodulated components are strong and are present over a wide range
of sound levels, carrier frequencies, modulation frequencies, and nerve-fiber characteristics. This demodulation may be significant for

speech recognition.

Auditory-nerve fiber; Amplitude modulation; Neural coding; Spectral characteristics

Introduction

Animals communicate with sounds whose in-
tensities and frequencies vary with time. In human
speech, the vocal cords (with the aid of the cavities
and orifices of the pharynx, mouth and nose)
produce sounds that are both amplitude- and
frequency-modulated (Fletcher, 1953). Amplitude
modulation (AM) and frequency modulation (FM)
are therefore fundamental elements of communi-
cation sounds. It is for this reason that the re-
sponses to amplitude- and frequency-modulated
tones, and other complex time-varying signals,
have been studied extensively at many levels of
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the auditory system, mostly at the cochlear nucleus
and at higher levels (Britt and Starr, 1976; de
Ribaupierre et al., 1970; Evans and Nelson, 1966;
Evans, 1978; Fernald and Gerstein, 1972; Glattke,
1969; Greenwood, 1986, 1988; Horst et al., 1985,
1986; Javel, 1980; Moller, 1971, 1972a, 1972b,
1973, 1974, 1976; Nelson et al., 1966; Sinex and
Geisler, 1981; Smith and Brachman, 1980;
Vartanian, 1971).

However, Evans (1978), Javel (1980), and Smith
and Brachman (1980) studied certain aspects of
the responses to AM tones of single primary audi-
tory nerve fibers in the cat, in the chinchilla, and
in the Mongolian gerbil, respectively. Javel (1980)
compiled period histograms locked to various fre-
quencies associated with the stimulus. He used
these histograms to examine the synchronization
of the spike discharges to the envelope of the AM
wave, and studied the spectral components of the
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discharge pattern by Fourier transforming those
histograms locked to the carrier frequency, or to
its lower- and upper-sidebands. He determined the
magnitudes of the spectral components as a func-
tion of stimulus level, modulation frequency, and
modulation depth. Javel showed that the discharge
is synchronized to the modulation envelope. Smith
and Brachman (1980) studied this feature of the
fiber response in terms of the Fourier components
of a period histogram that was locked to the
modulation frequency. Their study was concerned
with the relationship between the spectral compo-
nent at the modulation frequency as a function of
stimulus level, for a range of modulation frequen-
cies and modulation depths with the carrier
frequency set to characteristic frequency (CF) of
the unit.
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In this paper we examine the spectral proper-
ties of the response of cat single primary auditory
nerve fibers to sinusoidal AM and double-side-
band (DSB) acoustic signals. Our analysis is based
on period histograms locked to both the modula-
tion frequency and the carrier frequency of the
stimulus sound.

Theory
Double-sideband (DSB) signals

The simplest stimulus consisting of more than a
single tone is a pair of pure tones of equal magni-
tude. Two-tone stimuli have been used extensively
in studies of eighth-nerve firing patterns (Galam-
bos and Davis, 1944; Sachs and Kiang, 1968;
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Fig.1. Time course [(a) and (b)] and spectrum [(d) and ()] of two cosine waves that are multiplied to produce a DSB wave [(c) and

(D). The modulating wave in (a) has f,, =98 Hz whereas the carrier wave in (b) has f, =996 Hz. The spectrum of the DSB signal

consists of a lower-sideband at f;=f,— f,,=898 Hz and an upper-sideband at f,=f, + f,,=1094 Hz. There is no spectral
component at the carrier frequency. Note that for each cycle of the modulating tone, the DSB signal exhibits two wavepackets.



Rose et al., 1968; Arthur et al., 1971; Littlefield,
1973; Abbas and Sachs, 1976; Javel et al., 1978;
Javel, 1981; Greenberg et al., 1986).

Our interest in two-tone signals stems from
their kinship with AM signals; when the two tones
are phase-locked and of equal amplitude, their
spectrum is similar to that of an AM signal; the
key distinction is that the carrier is suppressed in
DSB. For this reason, two-tone stimuli are re-
ferred to in the engineering literature as double-
sideband suppressed-carrier signals (Schwartz,
1980).

The DSB signal is simply the product of two
sinusoidal time waves (Schwartz, 1980). The
lower-frequency (modulating) wave is denoted f,,
and the higher-frequency (carrier) wave is denoted
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f.- The individual time behavior of the sine waves,
and their product, are illustrated in Figs. 1 (a)—(c).
The spectrum of each of the individual waves
consists of a single frequency, as shown in Figs.
1(d) and 1(e). Only positive frequencies are il-
lustrated in the figure since the spectrum is sym-
metric about zero frequency. The magnitudes of
all components are therefore one-half the ampli-
tude of the wave. This convention is followed
throughout this paper (Schwartz, 1980).

The spectrum of the DSB signal, illustrated in
Fig. 1(f), consists of a lower-sideband (LSB) at
frequency f,=f.—f, and an upper-sideband
(USB) of the same amplitude at frequency f, = f,
+ f,- For the purposes of illustration, f,, and f,
have been taken to be 98 Hz and 996 Hz, respec-
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Fig.2. Time course [(a) and (b)] and spectrum [(d) and (e)] of two cosine waves that are used to produce an AM wave with M =1 [(c)

and (f)]. The carrier wave in (a) has f, = 996 Hz whereas the modulating wave in (b) has f,, = 98 Hz. The spectrum of the AM signal

consists of a carrier component at f. =996 Hz, along with a lower-sideband at f,— f,, =898 Hz and an upper-sideband at

fo+ fm=1094 Hz, symmetrically placed about the carrier. For 100% modulation depth, the magnitudes of the lower- and

upper-sidebands are precisely one-half that of the carrier. Note that for each cycle of the modulating tone the AM signal exhibits only
a single wavepacket, in contrast to the two wavepackets exhibited for DSB.
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tively, so that f; =898 Hz and f,=1094 Hz.
Thus, the LSB and USB frequencies are 898 Hz
and 1094 Hz, respectively. The envelope of the
DSB signal depicted in Fig. 1(c) varies at the
difference frequency f, — f; =2f,, = 196 Hz.

Amplitude-modulated (AM) signals

Amplitude modulation is achieved by modulat-
ing a sinusoidal wave (the carrier) with another
wave of lower frequency (the modulating signal).
In general, the modulating signal may be a com-
plex wave as long as its bandwidth is less than half
the carrier frequency (Cuccia, 1952). In the simple
case considered here, the modulating signal is a
cosine wave. In this case the AM signal may be
written as

sam(1) =A( + M cos 2af,t) cos(Quf.t + ¢) (1)

where A4 is the amplitude of the carrier, f, is
the carrier frequency, f,, is the modulation
frequency, and ¢ is its phase. The quantity M
represents the depth of modulation (0% < M <
100%). The individual waves, and the modulated
wave (Eq. (1) with M = 1), are illustrated in Figs.
2(a)—(c), when f,=996 Hz and f, =98 Hz. The
spectrum of the carrier, the modulation signal,
and the modulated signal are illustrated in Figs.
2(d), 2(e), and 2(f), respectively.

The spectrum of the AM signal illustrated in
Fig. 2(f) consists of three frequency components,
the carrier and the two sidebands separated from
the carrier by + the modulation frequency. These
components are called sidebands because when
the modulating wave is complex, bands of spectral
components appear below and above the carrier
frequency. Thus, compared to DSB, there is an
additional component at the carrier frequency f..
The magnitude of the sidebands is lower than that
of the carrier by the factor M /2. For M =1 (100%
modulation), the sidebands have half the ampli-
tude of the carrier. For the illustration in Fig. 2,
the modulating and the carrier frequencies have
been selected to be 98 Hz and 996 Hz, respec-
tively. Thus, the LSB and USB frequencies are at
898 Hz and 1094 Hz, respectively.

Although both the DSB wave in Fig. 1(c) and
the AM wave in Fig. 2(c) have similar envelopes,

there are important differences between them. The
AM wave displays a single wavepacket for each
cycle of the modulating waveform, i.e., its en-
velope varies at the modulation frequency f,,,
whereas the DSB wave displays two such wave-
packets for each cycle of the modulating wave; its
envelope varies at twice the modulation frequency
2f,.. There are also subtle differences in the sym-
metry of the wavepackets since the AM modulat-
ing signal is always positive (it is a cosine wave
shifted up in amplitude by unity) whereas the
DSB modulating tone takes on both positive and
negative values.

Demodulation of an analog AM signal

An AM signal passed through a nonlinear sys-
tem is demodulated. The demodulated compo-
nents include the modulation frequency and its
harmonics (Schwartz, 1980). An essential require-
ment for demodulation is a transfer characteristic
that is asymmetric for the positive and negative
half-cycles of the modulated wave. The nonlinear-
ity displayed by the stereocilia bundles of the hair
cells when they are deflected results in asymmetric
receptor potentials (Flock, 1965; Hudspeth and
Corey, 1977). This nonlinearity will demodulate
an AM sound by its asymmetric transfer function,
and the resulting hair-cell receptor potential will
contain the modulating signal. If the amplitude of
the upper- and LSBs of the AM sound are not
equal, the output will contain harmonics of the
modulating signal as well as the modulating signal
itself (Cuccia, 1952). This latter condition is fre-
quently encountered in our nerve-fiber experi-
ments.

Methods

The methods used in carrying out the experi-
ments reported here are identical to those dis-
cussed previously and in the companion paper on
FM signals (Teich and Khanna, 1985; Khanna
and Teich, 1989), except as indicated below.

In all of the series of experiments involving
modulation, the electrical input to the acoustic
transducer (Sokolich, 1977) was calibrated for
sound-pressure-level determination. For AM



stimuli, each carrier frequency f, was amplitude
modulated by a sinusoidal wave. The modulation
frequencies used were f,, =20, 40, 80, 160, 320
and 640 Hz. In most experiments 100% modula-
tion depth was used. The carrier level was initially
set at the threshold level of the FTC. Measure-
ments were then carried out at the CF using the
lowest modulation frequency (20 Hz). In succes-
sive measurements, the carrier level was increased
in 10 dB steps to a maximum of 80 dB SPL. The
measurements were repeated using the higher
modulation frequencies. The entire series of mea-
surements was then repeated using two or three
additional carrier frequencies which, in the case of
modulated tones, were chosen to be below and
above the CF.

Period histograms were constructed from the
nerve-spike data (Teich and Khanna, 1985). In
Figs. 3-9(f), the histograms consisted of 4096
bins, each of 50 ps duration, so that one pass
across the PST histogram represented 204.8 ms. In
each of these figures, data were collected for 30 s,
corresponding to about 150 repetitions. Thus, for
a modulation frequency of 100 Hz, the period
histogram contained about 20 modulation cycles.
Since there was about 1 spike per modulation
cycle on the average, there were a total of about
3000 spikes per histogram. The value of the spec-
tral magnitude at DC, which represents the total
number of spikes in the histogram, is therefore =
3000 in these figures. For the data presented in
Figs. 9(g)-14, on the other hand, the histograms
consisted of 2048 bins, each 25 us wide, repre-
senting a total duration of 51.2 ms per pass. In
these figures, each histogram consisted of 100
repetitions over a total time of 5.12 s. The sounds
were generated by the computer and the precise
values of carrier and modulation frequencies were
determined in accordance with the number of bins
and the bin duration. Selecting a frequency of 100
Hz, for example, led to an actual frequency of
97.6 Hz (which we call 98 Hz). Thus the mod-
ulation and carrier frequencies were always com-
mensurate and phase-locked with each other and
with the averaging process.

Following the averaging, a discrete Fourier
transform (DFT) of the histogram was con-
structed. The data reported in this paper are based
on such DFT’s.
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Results

Full spectrum of the period histogram in response to
DSB signals ‘

In Fig. 3, the spectrum is shown for a unit with
a CF of 2299 Hz and a threshold of 10 dB SPL.
The DSB signal was centered at 996 Hz with a
level at approximately 50 dB SPL. The DSB signal
was generated by multiplying two cosine waves of
equal amplitudes and frequencies 996 Hz and 98
Hz. Its spectrum consisted of a LSB at f; =f. — f,
= 898 Hz and an USB of the same amplitude at
=1+ f,=1094 Hz. The difference frequency
f>» — f1 was therefore 195 Hz (Fig. 1).

Nine components observed in the FFT of the
histogram (Fig. 3) are: DC; f; = 898 Hz; f, = 1094
Hz; 2f, =1796 Hz; 2f, = 2188 Hz; f,—f; =195
Hz; 2f, —f,=702 Hz; 2f, — f, =1290 Hz; and
fo+f1=1992 Hz.

The response of the same unit at 50 dB SPL
with f; =801 Hz and f,=1191 Hz is shown in
Fig. 4. The eight strongest components appear at:
DC; f, =801 Hz; f,=1191 Hz; 2f, =2382 Hz;
2fi—f,=411 Hz; f,+f,=1992 Hz; f,+2f, =
2793 Hz; and 2f, + f; = 3183 Hz. With f; =606
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Fig. 3. Spectrum of the PST histogram in response to a DSB
signal (CF = 2299 Hz, threshold = 10 dB SPL) Spectral mag-
nitude is displayed as a function of frequency. The input signal
has a lower-sideband at f, = 898 Hz, an upper-sideband of the
same amplitude at f, =1094 Hz, and a level of about 50 dB
SPL. This signal is illustrated in Fig. 1. Nine Fourier compo-
nents of the spectrum clearly emerge above the noise. These
are at: DC; f, =898 Hz; f, =1094 Hz; 2f, =1796 Hz; 2f, =
2188 Hz; f, — f1=195 Hz; 2f; — f, =702 Hz; 2f, — f; =1290
Hz; and f, + f; =1992 Hz.
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Fig. 4. Spectrum of the PST histogram for the same unit
presented in Fig. 3. The signal level was maintained at 50 dB
SPL but f; and f, were changed to 801 and 1191 Hz,
respectively. In this case, eight Fourier components of the
spectrum are clearly seen above the noise. These are at: DC;
f1=2801 Hz; f,=1191 Hz; 2f, = 2382 Hz; 2f, — f, =411 Hz;
fo+ f1=1992 Hz; f, +2f;=2793 Hz; and 2f, + f; = 3183 Hz.

Hz and f, =1387 Hz (Fig. 5), the nine strongest
components are: DC; f, =606 Hz; f, = 1387 Hz;
2f,=2714 Hz; 3f,=4161 Hz; f,—f, =781 Hgz
2f, —f1=2168 Hz; f,+ f, =1993 Hz; and 2f, +
f1=3380 Hz.
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Fig. 5. Spectrum of the PST histogram for the same unit

presented in Figs. 3 and 4. The signal level was maintained at

50 dB SPL but f; and f, were changed to 606 and 1387 Hz,

respectively. Nine Fourier components of the spectrum are

seen above the noise. These are at: DC; f; = 606 Hz; f, =1387

Hz; 2f, =2774 Hz; 3f, = 4161 Hz; f, — f,="781 Hz; 2f, — f,
= 2168 Hz; f, + f; =1993 Hz; and 2 f, + f; = 3380 Hz.
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Fig. 6. Spectrum of the PST histogram in response to an AM
signal for the same unit studied in Figs. 3-5 above (CF = 2299
Hz, threshold = 10 dB SPL) The carrier frequency f, was 996
Hz, the modulation frequency f,, was 98 Hz, and the level was
=~ 50 dB SPL. The input spectrum consisted of a component
at the carrier frequency f, =996 Hz, a lower-sideband at
fo — fm=1898 Hz, and an upper-sideband at f, + f,, =1094 Hz.
The modulation depth was 100% so that the amplitudes of the
sidebands were half that of the carrier. The signal for this
experiment is illustrated in Fig. 2. The response consists of
three clusters of spectral components that emerge above the
noise floor. The leftmost cluster represents baseband compo-
nents, which appear at DC and at the first five multiples of
fm =98 Hz. The spectral components in the middle group are
centered about the carrier frequency f,=996 Hz, and are
spaced from it by =+ f,, and +2f, . Finally, there is a cluster
centered at twice the carrier frequency (21, =1992 Hz).

Full spectrum of the period histogram in response to
AM signals

Response below CF

The carrier frequency f, was 996 Hz, the mod-
ulation frequency f,, was 98 Hz, the modulation
depth was 100%, and the level was 50 dB SPL. Its
spectrum consisted of components at 898 Hz, 996
Hz, and 1094 Hz (Fig. 2). The amplitudes of the
sidebands were half that of the carrier. The spec-
trum of the period histogram for the same unit
(CF = 2299 Hz, threshold = 10 dB SPL) is pre-
sented in Fig. 6. It consists of three clusters of
spectral components. The components in the
lowest frequency cluster appear at DC and at the
first five multiples of the modulation frequency
(98 Hz). The next higher frequency cluster is
centered about the carrier frequency (996 Hz). The
spectral components are spaced from the carrier



by +98 Hz and 4196 Hz. The magnitudes of the
two sidebands nearest the carrier are unequal. The
magnitude of the sideband at 898 Hz has about
half the value of the component at f,, whereas the
sideband at 1094 Hz has a value of about
three-quarters. The highest frequency cluster is
centered around twice the carrier frequency (1992
Hz). The asymmetry of the spectral magnitudes in
this third group parallels that of second group
(centered at the carrier frequency). The magnitude
of the clusters generally decreases with increasing
frequency. '

A comparison of the AM data in Fig. 6 with
the DSB data in Fig. 2 shows some important
differences. The separation of all the spectral com-
ponents in the AM case is at the modulation
frequency f,, =98 Hz while in the DSB case the
components are separated by twice the mod-
ulation frequency 2f,, = 195 Hz. This difference is
connected with the factor of 2 difference in the
wavepacket-envelope frequencies shown in Figs.
1(c) and 2(c). A more subtle distinction relates to
the spectral components at the carrier frequency
and its harmonics. The carrier frequency (996 Hz)
appears only in the AM case, as might be ex-
pected. However, in both cases a component ap-
pears at twice the carrier frequency (1992 Hz). It
is present in AM because 2f, = 1992 Hz, but it is
present in DSB because f, + f; = 2f, = 1992 Hz.

Response at CF

The carrier frequency of the signal was in-
creased to 2299 Hz. The input spectrum therefore
consists of a component at the carrier frequency
f.=2299 Hz, a LSB at f,—f,, = 2201 Hz, and an
USB at f, + f,, =2397 Hz.

The full spectrum of the period histogram
shown in Fig. 7 for the same unit resembles that in
Fig. 6. It consists of three clusters of components.
Baseband components appear at the modulating
frequency and its second harmonic. The spectral
components of the middle group are centered
around the carrier frequency (2299 Hz), and are
spaced from it by +f,, and +2f, . The magni-
tudes of the two sidebands (f, +f,) are ap-
proximately two-fifths as large as the carrier. The
highest-frequency cluster is centered around twice
the carrier frequency (4598 Hz), with sidebands
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Fig. 7. Spectrum of the PST histogram for the same unit
presented in Figs. 3—6. The conditions were identical to those
indicated in Fig. 6 except that the carrier frequency of the
signal was increased to f.=2299 Hz. The input spectrum
therefore consists of a component at the carrier frequency
fe=12299 Hz, a lower-sideband at f, — f,, = 2201 Hz, and an
upper sideband at f, + f,, = 2397 Hz. The response consists of
three clusters of spectral components that are seen above the
noise floor: baseband components at the modulation frequency
and its harmonics, components centered about the carrier
frequency, and components centered about twice the carrier
frequency.

separated from it by +f,, and +2f,. The magni-
tudes of the components in a cluster decrease with
increasing frequency of the cluster.

Response above CF

The pattern is repeated when the carrier
frequency is increased to 2500 Hz (Fig. 8). The
clusters of components appear at the baseband
(three harmonics), around the carrier frequency
(eight sidebands), and surrounding twice the car-
rier frequency (four sidebands). There is consider-
able asymmetry in the magnitude of the first LSBs
and USBs (f, + f,,)- The LSB is about three times
greater than the USB. The same is true for the
sidebands at frequencies 2f, & f,,. The exaggera-
tion of the LSBs is also observed for FM stimula-
tion at a carrier frequency above the CF of the
unit (Khanna and Teich, 1989; Fig. 6). The asym-
metry in these sidebands is in the opposite direc-
tion to that observed for the response below CF.
The magnitude of the component at the modula-
tion frequency exceeds that of any of the side-
bands.
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General observations

It is apparent that the response spectrum re-
sembles the acoustic waveform spectrum most
closely when £, is close to the CF; in this case the
sidebands are approximately equal in magnitude
(Fig. 7). When f, differs from the CF, the side-
bands exhibit asymmetries. The same is true for
FM stimuli (Khanna and Teich, 1989; Fig. 5).

Although our results bear some similarity to
those obtained by Javel (1980) in the chinchilla,
there are substantive differences in-our observa-
tions and interpretations. Javel recorded several
different period histograms and examined his re-
sults principally in the time domain, whereas we
examine ours in the frequency domain by using a
single PST based on multiple periods of the com-
plex tone. One important distinction is that for
strong stimuli we see multiple baseband compo-
nents whether or not the CF of a unit is tuned to
these. Javel calls these intermodulation distortion
products and attributed the presence of such com-
ponents to the fact that the CF of the unit was
tuned to the modulation frequency.
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Fig. 8. Spectrum of the  PST histogram for the same unit
presented in Figs. 3-7. The conditions were identical to those
indicated in Figs. 6 and 7 except that the carrier frequency of
the signal is now increased to f, = 2500 Hz. The input spec-
trum then consists of a component at the carrier frequency
f.=2500 Hz, a lower-sideband at f,— f,,= 2402 Hz, and an
upper sideband at f, + f,, = 2598 Hz. The pattern of three
clusters in the response spectrum is repeated here: baseband
components at the modulation frequency and its harmonics
(three harmonics are visible), components centered about the
carrier frequency (eight sidebands are visible), and components
centered about twice the carrier frequency (four sidebands
are visible).

Behavior of the baseband spectral components in
response to AM signals for low-CF units

Definition of the baseband synchrony index (BSI)

The components in the lowest-frequency cluster
occur at the modulation frequency and its
harmonics. Because these low-frequency compo-
nents may be of considerable significance in char-
acterizing communication sounds, it is useful to
study their normalized strength. We define the
baseband synchrony index (BSI) as the ratio of
the spectral magnitude at the fundamental mod-
ulation frequency to the spectral magnitude at
DC.

This definition is analogous to the synchroniza-
tion index (SI) which represents the ratio of the
spectral magnitude at the carrier frequency to the
spectral magnitude at DC (Anderson, 1973; Gold-
berg and Brown, 1969; Johnson, 1980). A value of
1.0 for the BSI indicates maximal synchrony, and
a value of 0 minimal synchrony, of firing with the
modulation frequency.

In analogy with the BSI, the nth-order base-
band synchrony index, BSI(n), may be defined as
the ratio of the spectral magnitude at the nth
harmonic of the modulation frequency to the
spectral magnitude at DC.

Variation of the baseband spectral magnitudes
with depth of modulation

The baseband synchrony index (BSI) for the
modulation frequency and its harmonics is shown
in Fig. 9(a)—(c). The stimulus was at the CF (1597
Hz), at a level of approximately 40 dB SPL, and
the modulation frequency was 19.5 Hz. The mod-
ulation depth M was 25% in (a), 50% in (b), and
100% in (c). The BSI increased in direct propor-
tion to M, and the harmonics of the modulation
frequency became more pronounced.

Variation of the baseband spectral magnitudes
with signal level

The BSI for the modulation frequency and its
harmonics is shown in Fig. 9(d)—(f). The stimulus
was at the CF (3095 Hz), and the modulation
frequency was 19.5 Hz. M was fixed at 100% and
the stimulus level (dB SPL) was 20 dB in (d), 40
dB in (e), and 60 dB in (f). The BSI is seen to
decrease with increasing stimulus level; however
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Fig. 9. (a)-(c) Baseband synchrony index (BSI) for the modulation frequency and its harmonics (CF =1597 Hz) The BSI is defined as
the ratio of the spectral magnitude at the modulation frequency, or its harmonics, to the spectral magnitude at DC (see text) The
stimulus was at the CF, at a level of approximately 40 dB SPL, and the modulation frequency was 19.5 Hz. The modulation depth M
is 25% in (a), 50% in (b), and 100% in (c) The BSI increases in direct proportion to M. Note that the harmonics of the modulation
frequency become more pronounced as the modulation depth increases. (d)—(f) BSI for the modulation frequency and its harmonics
(CF = 3095 Hz) The stimulus was at the CF, and the modulation frequency was 19.5 Hz. The modulation depth was 100% and the
stimulus level (dB SPL) was varied: (d) 20 dB; (e) 40 dB; and (f) 60 dB. The BSI is seen to decrease with increasing stimulus level;
however the magnitudes of the harmonics of the modulation frequency increase with stimulus level. (g) BSI as a function of signal
level (CF =1347 Hz) In this case the signal level is referred to the FTC threshold rather than to SPL (0 dB is then the FTC threshold)
The carrier was at the CF (solid curve) and at 1074 Hz below the CF (dotted curve). The modulation frequency was 39 Hz and the
modulation depth was 100%. The BSI magnitude reaches a maximum value at 20 dB:re FTC for both carrier frequencies even though
the absolute stimulus levels for the two carrier frequencies differ by some 15 dB. This is because the FTC threshold is used as a
reference. This suggests that the shape of the BSI curve may be independent of carrier frequency when FTC threshold is used
as a reference.

the magnitudes of the harmonics of the mod-
ulation frequency increase with stimulus level.

to note that the BSI magnitude reached a maxi-
mum value at 10 dB:re FTC for both carrier

The BSI for the modulation frequency is shown
as a function of signal level in Fig. 9(g). In this
case the signal level is referred to the FTC
threshold. The carrier was at the CF (1347 Hz,
solid curve) or below the CF (1074 Hz, dotted
curve). The modulation frequency was 39 Hz and
the modulation depth was 100%. It is interesting

frequencies even though the absolute stimulus
levels for the two carrier frequencies differed by
some 15 dB. The baseband synchrony index, when
plotted against stimulus level re FTC threshold,
takes on a shape that is essentially independent of
the carrier frequency. It begins to grow at about
10 dB below the FTC threshold and reaches its
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Fig. 10. (a) Frequency tuning curve for a unit with a CF of
1797 Hz and threshold of 20 dB SPL. (b) Frequencies of the
spectral components at the carrier frequency (C), lower-side-
band (LSB), and upper-sideband (USB) for four applied fre-
quencies: 898 Hz, 1348 Hz, 1797 Hz, and 2246 Hz. The
modulation frequency was 624 Hz. The component closest to
the unit CF has been marked with a heavy line because it
elicits the largest spectral response.

maximum value between 10 and 20 dB above the
FTC threshold.

Behavior of the spectral components near the carrier
frequency in response to AM signals

The FTC for a unit with a CF of 1797 Hz and a
threshold of 20 dB SPL is shown in Fig. 10(a). In
order to keep the spectral components well sep-

arated, the modulation frequency used was 624 .

Hz. Figure 10(b) displays the carrier frequency
(C), LSB and USB for each of the four carrier
frequencies used. The strongest spectral compo-
nents have been marked with heavy lines. They
occur at USB, C, C, and LSB, respectively, in the
four successive panels. These are the components
lying closest to the CF of the unit. This is a
general property of the spectrum of the period
histogram produced in response to amplitude-
modulated signals: the component closest to the
unit CF elicits the largest spectral response.

The dependence of the spectral magnitudes on
sound pressure level are shown at four carrier
frequencies, 898 Hz, 1348 Hz, 1797 Hz, and 2246
Hz, in Figs. 11(a), (b), (c), and (d), respectively.

The spectral magnitudes of the carrier (C), LSB,
USB, modulation frequency (BB), and DC are
illustrated. The magnitude of each of these com-
ponents is level dependent. Most of the compo-
nents increase initially with signal level, reach a
maximum, and then decline. In some cases, there
is a second increase beyond the decline. It is also
apparent that the rate-intensity function depends
on the relationship between carrier frequency and
CF.

Behavior of the baseband spectral components in
response to AM signals for high-CF units

Variation of the baseband spectral magnitudes
with signal level for a carrier at CF

The applied AM signal has a carrier frequency
of 12988 Hz, a modulation frequency of 78 Hz,
and a modulation depth of 100%. The spectral
magnitude of the DC and baseband components
as a function of stimulus level for a unit with a CF
of 12988 Hz is shown in Fig. 12(a). Spectral
components at the carrier frequency and its side-
bands are near the noise floor because of loss of
phase-locking. High-frequency units do not carry
significant temporal information at the carrier or
its sidebands.

On the other hand, the baseband component is
clearly strong and dominant, reaching its maxi-
mum value at relatively low stimulus levels, slowly
decreasing at higher stimulus levels, but remaining
a significant component even at the highest SPLs.
Thus high-frequency units carry information at
the modulation frequency of an AM signal. This is
illustrated more clearly by the baseband syn-
chrony index, which is displayed as a function of
signal level in Fig. 12(b). The BSI is 0.65 at the
lowest stimulus levels shown, decreasing to 0.1 at
the highest stimulus levels. Since the input AM
signals do not contain baseband components, it is
clear that their presence in the output spectrum
reveals an internal demodulation process.

Dependence of the baseband spectral magnitudes
on carrier frequency

The carrier frequencies used were: (a) 10488 Hz
(below CF); (b) 12988 Hz (at CF); and (c) 14492
Hz (above CF). The two modulation frequencies
used were: 39 Hz (solid curves) and 624 Hz (dashed
curves).
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Fig. 11. Spectral magnitudes of the carrier (C), lower-sideband (LSB), upper-sideband (USB), modulation frequency (baseband BB),

and DC as a function of stimulus level for the unit shown in Fig. 10. Carrier frequencies used were: (a) f, = 898 Hz; (b) f, =1348 Hz;

(¢) f.=1797 Hz; (d) f.=2246 Hz. The magnitude of each of these components is level dependent. Many components initially
increase with signal level, reach a maximum, and then decline. In some cases, there is a second increase beyond the decline.

The baseband spectral magnitude versus
stimulus level curves shown in Fig. 13 are similar
in shape for the two modulation frequencies, at
each of the three carrier frequencies. However, the
shapes of the baseband spectral magnitude curves
are different. When the carrier frequency is below
CF, the spectral magnitude increases with stimu-
lus level, reaching a maximum at about 70 dB
SPL, and remaining essentially flat to 90 dB (Fig.
13(a)). With the carrier at CF, the spectral magni-
tude has already reached a maximum value at 40
dB SPL, and decreases slowly as the stimulus level
is increased to 90 dB SPL (Fig. 13(b)). Finally,
when the carrier is above CF, the spectral magni-
tude generally increases with stimulus level, re-
aching a maximum value at approximately 60 dB
(Fig. 13(c)). Above 70 dB the magnitude decreases
slowly.

Dependence of the baseband spectral magnitudes
on modulation frequency

The baseband spectral magnitude versus mod-
ulation frequency for this same unit is shown in
Fig. 14 for modulation frequencies of 40, 80, 160,
320, and 640 Hz and carrier frequencies of (a)
10488 Hz (below CF); (b) 12988 Hz (at CF); and
(c) 14492 Hz (above CF). Results are shown for
four stimulus levels (30, 50, 70, and 90 dB SPL).

At each of the carrier frequencies, the baseband
spectral magnitude is approximately independent
of modulation frequency; i.e., the responses are
essentially flat for each of the signal levels.

Discussion

For DSB signals, spectral components in the
nerve-spike train were found at frequencies given
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Fig. 12. (a) Spectral magnitude of DC and baseband compo-
nents as a function of stimulus level (CF=12988 Hz) The
applied AM signal has a carrier frequency f, =12988 Hz, a
modulation frequency f,, = 78 Hz, and a modulation depth of
100%. Components at the carrier frequency and its sidebands,
near the noise floor, are also shown. The baseband component
is clearly strong and dominant, reaching its maximum value at
relatively low stimulus levels. Its magnitude decreases at higher
stimulus levels. (b) The baseband synchrony index is displayed
as a function of signal level. The BSI is 0.65 at 30 dB SPL and
decreases to 0.1 at 90 dB SPL

by

fosg=ihk(fr=f1), i=012,.; k=0,12,....
2

When the difference frequency f, — f; is small,
these components form spectral clusters. For large
values of f, —f;, however, the various spectral
component clusters overlap and interdigitate
(Teich and Khanna, 1989). Since only the lower
and USB frequencies (f; and f,, respectively) are
contained in the input auditory signal, the other
components seen in the response are produced by
a nonlinear transduction process internal to the
ear.

Clusters of spectral components were also pre-
sent in the nerve-spike train in response to AM
signals of carrier frequency f, and modulation

frequency f,,. The frequencies of the components
are given by the sequence

fam=Jjf. £ kfn, j=0,12,..; k=0,1,2,.... (3)

The lowest-frequency cluster has components
at DC, at the modulation frequency, and at its
harmonics. These components were strong and
were found to be present for all fibers studied,
whatever their CF. The next group contains spec-
tral components centered at the carrier frequency
and at frequencies separated from it by the mod-
ulation frequency and its harmonics. Higher-
frequency clusters are centered around multiples
of the carrier frequency and at frequencies sep-
arated from these multiples by the modulation
frequencies and its harmonics.

10007
(@

100%

10+—+

MAGNITUDE

1000

100%

SPECTRAL

10

1000

BASEBAND

100

SPL (dB)

Fig. 13. Baseband spectral magnitude as a function of stimulus
level for the same unit shown in Fig. 12. Data are shown for
three carrier frequencies: (a) f. =10488 Hz (below CF); (b)
f.=12988 Hz (at CF); and (c) f.=14492 Hz (above CF)
Results for two modulation frequencies are shown: f,, =39 Hz
(solid curves) and f,, = 624 Hz (dashed curves) The baseband
spectral magnitude reaches a maximum at different values of
the stimulus intensity when the carrier frequency is below CF,
at CF, and above CF. This level is lowest when the carrier is at
the CF
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Fig. 14. Baseband spectral magnitude as a function of modula-
tion frequency for the same unit shown in Figs. 12 and 13.
Modulation frequencies used were f,, = 40, 80, 160, 320, and
640 Hz. The carrier frequencies of the applied AM signal were:
(a) f.=10488 Hz (below CF); (b) f. =12988 Hz (at CF); and
(¢) f.=14492 Hz (above CF) Results for four stimulus levels
(30, 50, 70, and 90 dB SPL) are shown. The baseband spectral
magnitude is approximately independent of modulation
frequency for each carrier frequency and stimulus level

The relative spectral magnitudes of the carrier,
and its LSBs and USBs, are dependent on their
frequencies with respect to the tuning curve of the
unit. Components located at, or near, the CF of
the unit are emphasized whereas those located
away from the CF are deemphasized. The degree
of attenuation is dependent on the shape of the
tuning curve (the wider it is the less the attenua-
tion) and on the frequency separation of the
sidebands from the carrier (the lower the modula-
tion frequency the less the attenuation).

The relative magnitudes of the carrier, side-
band, and baseband spectral components depend
on the CF of the unit. For CFs below about 1 kHz
(for carrier frequencies at the CF with 100% mod-
ulation depth), the carrier magnitude is higher
than the sideband magnitudes, and the baseband
magnitude is comparable with the sideband mag-
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nitudes. The carrier and sideband magnitudes de-
crease for CFs above 1 kHz. Between 2 and 3 kHz
the carrier and sideband magnitudes become
smaller than the baseband magnitude. Above 5
kHz, the carrier and sideband magnitudes become
negligibly small although the baseband spectral
magnitude remains large. Therefore, even though
high-frequency nerve fibers do not carry high-
frequency temporal information (Johnson, 1980)
they carry information efficiently at the modula-
tion frequency.

The baseband signal therefore provides an im-
portant means of carrying information in low- and
medium-CF fibers and the exclusive means of

‘carrying such information in high-CF fibers. Be-

cause of the importance of the baseband compo-
nents, we have defined a normalized index for
their strength. The baseband synchrony index
(BSI) is the ratio of the spectral magnitude at the
fundamental modulation frequency to the spectral
magnitude at DC. We have found BSI values as
high as 0.9 for low-CF units and 0.7 for high-CF
units. Such large values for the BSI indicate that
the nerve-spike firings of primary auditory fibers
are well synchronized with the applied modulation
frequency for the amplitude-modulated signals we
have considered. This, in turn, means that the
fiber is carrying information contained in the en-
velope of the signal. A number of other observa-
tions indicate the importance of the baseband
signal: (i) it appears at low signal levels close to
the neural threshold; (ii) its magnitude is appre-

ciable over a broad range of stimulus levels; (iii)

its magnitude remains constant over a wide range
of modulation frequencies; and (iv) its magnitude
is approximately proportional to the modulation
depth. These observations suggest an AM de-
modulation process in the inner ear, and an effi-
cient neural coding system for the transmission of
modulated signals.

A nerve-spike train evoked in response to a
modulated signal, when passed through a low-pass
filter (with a cutoff frequency comparable to the
modulation frequency), produces the modulation
frequency at the output (Khanna and Teich, 1989).
The nerve-spike train normally undergoes just such
low-pass filtering in transmission through a syn-
aptic junction. Intracellular potentials recorded
from the postsynaptic cell should therefore con-
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tain the modulation signal. The extraction of the
baseband signal from the nerve-spike train is
therefore achieved with the natural functioning of
the system. The experiments reported here, and in
the companion paper on FM signals (Khanna and
Teich, 1989), are consistent with the interpretation
that the auditory system acts principally to detect
modulation rather than pure tones (Teich and
Khanna, 1989). The auditory nonlinearity is an
essential component of this demodulation process.
The ability of the auditory system to demodulate
AM and FM signals may be highly significant for
speech recognition.

The information in the nervous system is trans-
mitted by means of nerve spikes and is therefore
digital in nature. Our experiments with modulated
signals suggest that at each cellular level the in-
coming digital nerve spike train is low-pass filtered
to produce an analog modulation signal and its
harmonics. The analog signals generated by multi-
ple synaptic inputs to a given cell are integrated,
in analog form, and the resulting signal is utilized
to initiate a new output nerve spike train encoding
the integrated analog signal. Thus it appears that
the process of neural transmission is digital in
nature whereas the processing itself is analog.
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