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& Improved HRTF-Based Pseudostereophony

Electronic Components and Systems

Monaural signals are filtered digitally to obtain pseudostereophonic output signals.
Ames Research Center, Moffett Field, California

An improved pseudostereophonic sys-
tem utilizes digital filtering and head-re-
lated transfer functions (HRTFs) to afford
tailorability and sound quality not avail
able from older pseudostereophonic sys-
tems. Although the term “pseu-
dostereophony” may not be widely
known, the underlying concept has been
studied and applied for more than four
decades. Pseudostereophony is a family of
techniques for deriving right and left
channels of sound from a single-channel
(monaurally recorded) source to give the
listener an impression of sound coming
from more than one direction.

The pinnae of human ears affect enter-
ing sound in a way that varies with the di-
rection of incidence and thus gives the
brain cues to the location of the source.
These cues are in addition to the direc-
tional cues provided by differences be-
tween the times of arrival of signals. The
effects of the pinnae can be quantified by
HRTFs. In the time domain, an HRTF is
an impulse response, as a function of di-
rection of incidence, that is convolved
with the incident acoustic signal. In the
frequency domain, the HRTF is a magni-
tude and phase response, as a function of
frequency of sound and direction of inci-
dence, that multiplies the frequency-do-
main complex-amplitude representation
of the incident acoustic signal.

The present pseudostereophonic sys-
tem utilizes HRTFs in the following way:
First, the HRTFs of an average human lis-
tener are determined experimentally.
Thereafter, the digital HRTFs are used,
along with delays and optional filtering
functions, to digitally synthesize right- and
leftchannel signals that make a listener
perceive the sound as coming from multi-
ple sources in different directions.

Figure 1 depicts an apparatus for mea-
suring HRTFs for five directions of inci-
dence. A human listener sits in an ane-
choic chamber, with a loudspeaker at ear
height directly in front (azimuth 0°) and
four other loudspeakers at ear height at
azimuths of 90, 120, 240, and 270°. A
source of sound is connected to the loud-
speaker at 0° and is connected to the
other loudspeakers through an amplifier
and delay devices. Small probe micro-
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Figure 1. Sounds Arriving in a Listener’s Ears from various directions are measured, then used to com-

pute head-related transfer functions.

phones in the listener’s ears measure the
entering sound. In principle, as indicated
by the dashed lines, the outputs of the
right and left microphones could be sim-
plistically fed to right and left loudspeak-
ers, respectively, to generate sounds with
perceived directional characteristics.
However, instead, the sounds measured
by the microphones are used to compute
the HRTFs, which are then used in the
pseudostereophonic system depicted in
Figure 2.

A monaural input signal is fed to an
analog-to-digital converter (ADC). The
digital signal is distributed on six lines.
Lines 1 and 6 couple the signal directly to
left and right digital summing devices,
while each of lines 2 through 5 passes
through an individual digital delay device
that corresponds to one of the nonzero
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azimuth angles. The delays of these de-
vices differ and are set as described below.

The outputs of all the delay devices are
multiplied by a common gain factor that
can be adjusted by the user. Next, each
delayed and multiplied signal is processed
by a right and a left finite-iimpulse-re-
sponse (FIR) filter that approximates the
right and left HRTF, respectively, for the
azimuth angle. The resulting left and
right HRTF outputs are summed in the
left and right digital summing devices, re-
spectively. The summed outputs for the
left and right channels are then passed
through separate digital-to-analog con-
verters (DACs) to the left and right loud-
speakers, respectively.

The delays, gains, and FIRfilter param-
eters can be chosen to obtain desired
psychoacoustic effects. For example, the
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Figure 2. A Monaural Signal Is Digitally Filtered to synthesize right and left signals for a pseudostereophonic effect.

gain of the delayed signals on lines 2
through 5 can be set at 6 dB, in keeping
with an empirical finding that this is the
best gain for pseudostereophony with
sounds of various types, including
speech and music. Alternatively, the user
can set the gain at zero for monaural lis-
tening, or can set the gain at >6 dB to
obtain an exaggerated pseudostereo-
phonic effect.

Criteria for setting delays are somewhat
more complex. Parameters to be consid-
ered include (1) the interval between the
undelayed sound and the first delay, (2)
the intervals between succeeding delays,
and (3) the time of the final delay, which
depends on the previous delays. An im-
portant psychoacoustic consideration in
choosing delays is that the signals remain
below the level of echo disturbance; in this
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regard, the initial delay has been found to
be the most important one. The intervals
between successive delays should be within
a range so that each delayed sound would
not be heard as a separate sound. Typical
acceptable values of initial delay are be-
tween 15 and 25 ms, and optimum inter-
vals between successive delays are between
5and 10 ms. In order for the use of HRTFs
to yield a sensation of increased auditory
spaciousness, the final delay should be at
least 30 ms; this is consistent with findings
from research into the effect of early re-
flections in concert halls.

Although the system as described thus
far includes four delay and HRTF chan-
nels, it could also be constructed with
more or fewer delay and HRTF channels.
Other possible variations include the use
of larger or smaller numbers of coeffi-
cients used to approximate the HRTFs in
the FIR filters.

In comparison with older pseu-
dostereophonic systems, this system gen-
erates sound that is less “colored”; that is,
less altered in timbre. This system offers
greater flexibility for synthesizing the
sound at a wider range of listening posi-
tions. The two output channels of the pre-
sent system can also be mixed to monau-
ral output without disturbing coloration
effects that result from phase cancella-
tion. Moreover, the sound gives an in-
creased impression of spaciousness be-
cause the two output signals are
decorrelated. Yet another advantage is
that multiple inputs with differential fre-
quency responses can be distinguished
from each other more easily in this system
than in a monaural system.
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This work was done by Durand R. Begault
of Ames Research Center. For further infor-
mation, access the Technical Support Package
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& Microwave Battery Charger

Batteries would be kept charged without
wire connections.

Goddard Space Flight Center, Greenbelt, Maryland

A simple microwave power-transmission system has been
proposed for maintaining the charge on spacecraft batteries
immediately prior to launch. The basic concept of this system
could also be applied to other systems (e.g., emergency equip-
ment) that must be kept in a state of high readiness for rapid
deployment, without need for cable connections that could im-
pede or slow deployment.

The umbilical cable that supplies power to a spacecraft on
a launch pad must be disconnected at some prescribed time
before launch. Once the disconnection is made, the space-
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Microwave Power Would Be Rectified to dc power, which would be used
to charge batteries.

craft operates on battery power. The spacecraft must be
launched before the battery discharges so much that the
spacecraft could not be relied upon to function correctly. The
launch must be canceled if the delay exceeds the allowable
discharge time.

The proposed system would make it unnecessary to cancel a
launch on account of battery discharge. The system (see fig-
ure) would function as follows: Immediately before the dis-
connection of the umbilical cable, a microwave source would
be turned on. The microwave beam from this source would be
aimed at the spacecraft through a microwave-transparent win-
dow on the fairing of the launch rocket. An antenna on the
spacecraft would intercept the microwave beam. A rectifier-
and-power-converter circuit connected to the antenna would
convert the received microwave power to dc power, which
would be used to charge the spacecraft batteries.

This work was done by Richard Rolnicki of Goddard Space Flight
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