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ABSTRACT
This paper investigates to which extent the tails of left and right binaural room impulse responses (BRIRs)
can be replaced by white Gaussian noise that has been processed to have the same energy decay relief and
interaural coherence as the original BRIRs’ tail. For this purpose BRIRs were generated consisting of two
parts where the first part is taken from the original BRIR and the second part is filtered and coherence-
matched noise. A subjective test was carried out to investigate how the perceived similarity between original
and modeled BRIRs decreases as the split point between the parts approaches the direct sound part of the
BRIRs. Also, frequency-dependent and conventional frequency-independent interaural coherence matching
were compared.

1. INTRODUCTION
Recent research on binaural reverberation [1–3] sug-
gests that correctly reproducing the interaural co-
herence (IC) of binaural room impulse responses
(BRIRs) as a function of frequency is important for
the impression of spaciousness when a sound signal
convolved with BRIRs is played back with head-
phones.

In [1] we presented a method for approximating
BRIRs from B-Format RIRs with the aim of re-
producing the frequency-dependent interaural co-

herence (FDIC) of the late reverb tail. More recent
investigations [4] indicated that the method is im-
proved if early reflections are not anymore modeled
with ITDs and merely the FDIC of the complete
reverb tail is reproduced. This finding and the con-
vincing results obtained from informal listening to
the reverberator presented in [3] led us to investigate
two questions in this paper. The first question is
how much a reverberator (or, in general a synthetic
BRIR) may benefit from frequency-dependent inter-
aural coherence matching (FDIC matching), com-
pared to frequency-independent interaural coherence
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matching (FIIC matching) which has been proposed
in the binaural reverberator described in [5]. The
second question is after which point the tail of a
BRIR may be replaced by FDIC matched noise with-
out a difference to the original BRIR being notice-
able. These two questions were addressed in a lis-
tening test where 8 subjects judged the similarity
between four audio signals convolved with a mea-
sured BRIR and the same audio signals convolved
with different synthetic BRIRs.

The synthetic BRIRs were generated with the goal of
having the same energy decay relief (EDR), i.e. the
same energy and reverberation time as a function
of frequency [6]. The only differences between the
synthetic BRIRs are the interaural coherence as a
function of frequency and the split point between
the part taken from the measured BRIR and the
part that was synthesized.

The paper is organized as follows: Section 2 de-
scribes how the synthetic BRIRs are generated and
analyzes the synthetic BRIRs. Section 3 explains the
stimuli set and the procedure of the listening test.
The results are discussed in Section 4 and conclu-
sions are drawn in Section 5.

2. BRIR SYNTHESIS
For this investigation, seven different types of syn-
thetic BRIRs were generated. The first 5 ms, 20 ms,
80 ms or 200 ms were taken from the measured
BRIR and the rest was generated from white Gaus-
sian noise processed in a short-time discrete Fourier
(STFT) domain in order to have the same energy
decay relief (EDR) as the measured BRIR. The only
differences between the different synthetic BRIRs
are the split point between the measured and syn-
thesized parts and the interaural coherence in the
synthesized part. In the following, the synthetic
BRIRs will be referenced by their short names:
FD5, FD20, FD80, FD200 (frequency-dependent
interaural coherence matched with measured BRIR,
split points 5ms, 20 ms, 80ms and 200 ms, respec-
tively), FI5, FI80 (frequency-independent interau-
ral coherence matched with measured BRIR, split
points 5 ms and 80ms, respectively) and IC1 (inter-
aural coherence set to 1). In the following, left and
right BRIRs will be denoted hL(n) and hR(n).

For the generation of the synthetic BRIRs, the fol-
lowing procedure was used: first, the interaural co-

herence of the measured BRIR was computed. In
the cases FD5, FD20, FD80 and FD200, the inter-
aural coherence as a function of frequency (FDIC)
was computed in STFT domain. Let the STFT coef-
ficients of the left and right BRIRs hL(n) and hR(n)
be HL(i, k) and HR(i, k), respectively, and consider
i as the frequency index and k as the time index.
The coherence as a function of frequency is esti-
mated as the normalized cross-correlation coefficient
for each frequency band of the STFT

Φ(i) =

∑K
k=k0

<(HL(i, k)HR(i, k)?)√∑K
k=k0

|HL(i, k)|2
∑K

k=k0
|HR(i, k)|2

,

where <(x) denotes the real value of x and k0 is the
time index corresponding to the split point between
the measured and the synthesized parts of the syn-
thetic BRIR.
In the cases FI5 and FI80, the interaural coherence
was estimated independently of the frequency. As
the coherence estimate, again the normalized cross-
correlation coefficient was calculated, but in time-
domain:

ΦFI =
maxn

∑
m hL(m)hR(n + m)√

(
∑

m hL(m)2)(
∑

m hR(m)2)
.

The synthetic BRIR tail (whose left and right BRIRs
are denoted as h̃L(n) and h̃R(n), respectively) is cal-
culated in the STFT domain from two independent
white Gaussian noise signals n1(n) and n2(n),eHL(i, k) = c(i, k) (a(i, k)N1(i, k) + b(i, k)N2(i, k))eHR(i, k) = d(i, k) (a(i, k)N1(i, k)− b(i, k)N2(i, k)) ,

where N1(i, k) and N2(i, k) are the STFT spec-
tra of the noise signals, c(i, k) and d(i, k) are fac-
tors that adapt the energy decay relief (EDR) of
H̃L(i, k), and H̃R(i, k). In order not to impose the
fine structure of the measured BRIR’s amplitude en-
velope on H̃L(i, k) and H̃R(i, k), c(i, k) and d(i, k)
are smoothed in time. a(i, k) and b(i, k) are cal-
culated as a function of the FDIC Φ(i) and time-
smoothed short-time power spectrum estimates of
the noise signals, P1(i, k) and P2(i, k):

a(i, k) =

s
P2(i, k)2(1 + Φ(i))

P1(i, k)2(1− Φ(i)) + P2(i, k)2(1 + Φ(i))

b(i, k) =
p

1− a(i, k)2

=

s
P1(i, k)2(1− Φ(i))

P1(i, k)2(1− Φ(i)) + P2(i, k)2(1 + Φ(i))
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For the cases FI5 and FI80, the coherence adaptation
is done in the STFT domain, together with the EDR
matching, but independently of the frequency band:

H̃FI,L(i, k) = c(i, k) (aFIN1(i, k) + bFIN2(i, k))

H̃FI,R(i, k) = d(i, k) (aFIN1(i, k)− bFIN2(i, k)) ,

where aFI and bFI are calculated as follows:

aFI =

√
1 + ΦFI

2

bFI =
√

1− a2
FI =

√
1− ΦFI

2
.

The inverse STFT of H̃L(i, k) and H̃R(i, k) is calcu-
lated to obtain h̃L(n) and h̃R(n). These are further
refined by modifying their discrete Fourier trans-
form magnitude spectra to be equal to the reference
BRIRs’ magnitude spectra. Finally, the reverbera-
tion tail is combined with the first part of the original
BRIR with a 0.2ms cross-fade.

2.1. Analysis of synthetic BRIRs
In order to verify the functioning of the BRIR syn-
thesis method, the synthesized BRIRs were analyzed
on the waveform level, in the spectral domain, and
also for their interaural coherence.

On the waveform level, it may be observed that only
the exponential decay of the measured BRIR’s am-
plitude envelope is imposed on the synthetic reverb
tails, but not the details of the amplitude envelope
corresponding to the individual early reflections (see
Figure 1). The synthetic reverb tail therefore does
not model the early reflections at all. The only way
in which the early reflections of the measured BRIR
influence the synthetic BRIR tail is through their
impact on the interaural coherence and on the spec-
trum.

In the frequency domain, it can be seen that the
spectra of the synthetic BRIR tail (for the analy-
sis always starting 5 ms after the beginning of the
BRIR, not at the split point) match the spectra of
the measured BRIR very well, with a maximum de-
viation below 1 dB for frequencies up to 10kHz, ex-
cept for the case FD20 where the maximum devi-
ation slightly exceeds 1 dB. All spectral deviations
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Fig. 1: Waveforms of the first 100 ms of the mea-
sured BRIR and one synthetic BRIR. Only the left
BRIR is shown. Top panel: measured BRIR. Bot-
tom panel: synthetic BRIR (FD5). The BRIRs are
matched to have the same EDR and FDIC, but the
synthetic BRIR does not model any early reflections,
which leads to visible differences in the waveform
plots.

can be seen in Figures 2 and 3 and the spectra of
the measured left and right BRIRs can be seen in
Figure 4.

The analysis of the frequency dependent interaural
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Fig. 2: Deviation of the spectra (in dB) of the syn-
thesized BRIR tails from the measured BRIR tail.
From top to bottom: FD5, FD20, FD80, FD200.

left BRIR

frequency [kHz]

am
pl

itu
de

 ra
tio

 [d
B]

0.1 0.2 0.5 1 2 5 10 20

−2

−1

0

1

2

right BRIR

frequency [kHz]
0.1 0.2 0.5 1 2 5 10 20

−2

−1

0

1

2

left BRIR

frequency [kHz]

am
pl

itu
de

 ra
tio

 [d
B]

0.1 0.2 0.5 1 2 5 10 20

−2

−1

0

1

2

right BRIR

frequency [kHz]
0.1 0.2 0.5 1 2 5 10 20

−2

−1

0

1

2

left BRIR

frequency [kHz]

am
pl

itu
de

 ra
tio

 [d
B]

0.1 0.2 0.5 1 2 5 10 20

−2

−1

0

1

2

right BRIR

frequency [kHz]
0.1 0.2 0.5 1 2 5 10 20

−2

−1

0

1

2

Fig. 3: Deviation of the spectra (in dB) of the syn-
thesized BRIR tails from the measured BRIR tail.
From top to bottom: FI5, FI80, IC1.

coherence (FDIC) of the FDIC-matched cases FD5,
FD20, FD80 and FD200 shows that the coherence
matching works well in the low frequencies, where
the deviations are mostly below 0.1 for frequencies
up to 10 kHz and below 0.02 for frequencies up to
500 Hz (see Figure 5). Relatively big deviations oc-
cur above 10 kHz, reaching up to 0.3. However, since
there is very little energy in the reverb tail above
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Fig. 4: Spectrum of the left and right measured
BRIR tail (starting 5 ms after the beginning of the
BRIR).

10 kHz, we do not expect this to be problematic.

For the cases FI5 and FI80 the FDIC is very different
from the FDIC of the measured BRIR (see Figure 6).
It may also be noted that the frequency-independent
IC matching does not produce a very flat FDIC. One
reason is that the power fluctuations of the noise are
not taken into account, contrary to what is done in
the cases FD5 to FD200.

Figure 6 also shows that in the case IC1, the inter-
aural coherence is not perfectly 1, even though the
whole reverb tail is synthesized from a single channel
of noise. One may conclude that the EDR match-
ing does introduce slight variations in the interaural
coherence.

2.2. Measured BRIR
For the study presented in this paper, only one BRIR
was used. It was measured in a lecture hall at our
university (ELA 2) which is 10m wide, 14 m long and
whose height varies between 2m and 4m . A loud-
speaker and a KEMAR head and torso simulator
were placed in the front of the room, roughly corre-
sponding to the position of a lecturer and a student
in the first row, respectively. The measured BRIR
has a reverberation time RT60 of 1s. We believe that
this BRIR represents a common listening situation
and would be suitable for 3D audio reproduction.
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Fig. 5: Differences between the interaural coher-
ence of four synthetic BRIRs (FD5, FD20, FD80,
FD200) and the coherence of the measured BRIR.
Notice that the coherence matching works nearly
perfectly in the low frequency range between 100Hz
and 500Hz. The coherence of the measured BRIR
is represented by the dash-dotted line in Figure 6.
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Fig. 6: Interaural coherence of FI5, FI80, and
IC1. The frequency-independent interaural coher-
ence matching used in FI5 and FI80 produces a
frequency-dependent coherence that is very differ-
ent from the measured BRIR. This effect is stronger
for FI5 than FI80. Even though for the synthesis of
IC1 only a single noise channel was used, the mod-
ifications introduced by the EDR matching slightly
modify the interaural coherence.
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We also generated stimuli similar to those used in
the listening test also based on other BRIRs. By
informal listening we came to the conclusion that the
observed results are very likely to hold also for these
other BRIRs and we observed that our sensitivity
to the differences between the measured BRIR and
the synthetic BRIRs seems to become higher when
the reverberation time increases. Tests with BRIRs
with longer reverberation times are planned.

3. LISTENING TEST
In order to answer the question if frequency-
dependent interaural coherence (FDIC) match-
ing performs significantly better than frequency-
independent interaural coherence (FIIC) matching,
and if FDIC-matched noise may transparently re-
place the remainder of the original BRIR tail after
a certain split point, a listening test was conducted.

3.1. Stimuli
For the listening test the seven different synthetic
BRIRs plus the reference BRIR were convolved with
4 different audio signals. The audio signals consisted
of male speech, female speech, drums, and a hand-
clap cut to 8.5 ms length followed by 1 s of silence.
Each synthetic BRIR appeared twice for each audio
signal, i.e. 8 times in total.

3.2. Subjects and test setup
We asked 8 subjects to participate in the test, each
of which reported normal hearing. They carried
out the test with an automated subjective test soft-
ware. The signals were D/A converted at a sampling
rate of 44.1 kHz with a MOTU Traveler sound inter-
face connected via firewire to the personal computer
running the test software. High-quality headphones
(Sennheiser HD 650) were used.

3.3. Test procedure
A MUSHRA [7] type subjective test using a rela-
tive grading scale was conducted. The subjects were
asked to grade the similarity between the reference
(the measured BRIR) and the other BRIRs on a
continuous scale from “undistinguishable” to “very
different”. A hidden reference was used to test the
reliability of the subjects, as well as an “anchor”
which consisted of the case IC1, and was expected
to obtain marks close to “very different”.

Figure 7 shows the graphical user interface of the
subjective test software. The subjects were pre-
sented with eight play buttons and eight sliders to

Fig. 7: Graphical user interface of the subjective
test software. The frozen slider to the left corre-
sponds to the reference while the eight sliders to the
right correspond to the other BRIRs (including the
hidden reference).

judge the stimuli. Furthermore there was a play but-
ton and a frozen slider for the reference. The sub-
jects could switch between the stimuli at any time
while the sound instantly faded from one BRIR to
the other. Informal listening indicated that such in-
stant switching facilitates the comparison of the dif-
ferent BRIRs.

Written instructions were given to the subjects be-
fore the test started. The test contained 8 panels,
each panel corresponding to one audio signal con-
volved with all the BRIRs, plus two additional pan-
els which were taken from the 8 other panels and
which were used as training items (the male speech
sample and the drum sample). The order of the
audio signals presented was randomized differently
for each subject and the order of the BRIRs (i.e.
the correspondence between sliders and BRIRs) was
randomized for each panel.

The duration of the test session varied between the
listeners due to the freedom to repeat the stimuli as
often as they requested. Typically the test duration
was between 30 min and 1 h.

4. RESULTS AND DISCUSSION
The results of the listening test for the drum, male
speech, female speech and clap samples are shown
in Figures 8, 9, 10 and 11, respectively. The av-
erage results for all samples can be seen in Figure
12. Since the clap sample is a special and – com-
pared to the other samples – less natural case, also
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Drum

Reference FD5 FD20 FD80 FD200 FI5 FI80 IC1

Very different

Undistinguishable

Fig. 8: Results for the drum sample, average over
all subjects, with 95 % confidence intervals.

Male speech

Reference FD5 FD20 FD80 FD200 FI5 FI80 IC1

Very different

Undistinguishable

Fig. 9: Results for the male speech sample, average
over all subjects, with 95 % confidence intervals.

Female speech
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Fig. 10: Results for the female speech sample, aver-
age over all subjects, with 95 % confidence intervals.

Claps
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Fig. 11: Results for the clap sample, average over
all subjects, with 95 % confidence intervals.

All

Reference FD5 FD20 FD80 FD200 FI5 FI80 IC1

Very different

Undistinguishable

Fig. 12: Results for all samples, average over all
subjects, with 95% confidence intervals.

All but claps

Reference FD5 FD20 FD80 FD200 FI5 FI80 IC1

Very different

Undistinguishable

Fig. 13: Results for the female speech, male speech,
and drum samples, average over all subjects, with
95 % confidence intervals.
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the average result for the drum, male speech and fe-
male speech samples was analyzed separately and is
shown in Figure 13.

For all cases, there is strong evidence that the
frequency-dependent interaural coherence (FDIC)
matching performs better than the frequency-
independent interaural coherence (FIIC) matching.
The FDIC-matched BRIR with the split point at
80 ms (FD80) is judged to be significantly better
than its frequency-independent equivalent FI80 in
all cases, as can be seen from the non-overlapping
confidence intervals in Figures 8 to 11. Furthermore,
a one-sided T-test shows significance of 99% confi-
dence level for all test cases. The same result holds
also for the split point at 5 ms, except for the claps
sample.

For all samples except for the claps sample, the
BRIRs FD80, FD200 and the reference are very
close. Even with a 90 % confidence level, for the
average over all sounds except claps (Figure 13), we
cannot say that there is a significant difference be-
tween the reference and FD80 and FD200. How-
ever, at lower confidence levels, the difference be-
comes significant (with 53.3 % confidence we can say
that FD80 is different). However, one has to keep in
mind what these numbers mean: that with a prob-
ability of 46.7%, the mean of eight listeners trying
very hard to hear the most subtle differences does
not give any useful information to distinguish FD200
from the reference. This is an interesting fact by it-
self. However, for practical purposes the perception
of the BRIRs by individual listeners is more rele-
vant. Therefore it would be more interesting to know
which proportion of the listeners are capable of dis-
tinguishing the synthetic BRIRs from the reference,
rather than considering the mean of all listeners.

With a confidence level of 95%, considering all
source files except for the claps, 2 out of 8 subjects
were able to distinguish FD80 from the reference and
none of the subjects was able to distinguish FD200
from the reference. Lowering the confidence level
to 75 %, 3 out of 8 subjects were able to distinguish
FD80 from the reference and 2 out of 8 subjects were
able to distinguish FD200 from the reference.

These results show that for a big proportion of listen-
ers, both FD80 and FD200 are not distinguishable
from the original BRIR.

Informally, all subjects reported that picking the
reference from the presented audio signals was at
the limit of their hearing capabilities and that they
sometimes thought to hear differences which would
vanish after more thorough listening.

5. CONCLUSIONS
We compared a measured pair binaural room im-
pulse responses (BRIRs) with BRIRs consisting of
the first part of the measured BRIR followed by a
synthetic reverb tail derived from two channels of
independent white Gaussian noise which were pro-
cessed in STFT domain in order to have the same
energy and reverberation time as a function of fre-
quency. The split point between the two parts was
chosen to be 5 ms, 20 ms, 80 ms or 200 ms. For all
split points, a version was generated where the fre-
quency dependent interaural coherence was matched
to the measured BRIR. Furthermore, for the split
points 5 ms and 80 ms, BRIRs with a synthetic rever-
beration tail where only the frequency-independent
interaural coherence was matched were generated.
As an anchor in the test, a BRIR with interaural
coherence close to 1 was used.

Four different dry audio signals (male speech, female
speech, drums, and a hand-clap cut to 8.5 ms length
followed by 1 s of silence) were convolved with the
different BRIRs and the test subjects had to judge
the similarity between the signal convolved with the
original BRIR and the same signal convolved with
the other BRIRs.

The results showed that for all audio signals except
for the hand-clap, the synthetic BRIRs with the
frequency-dependent IC matching and split points
80 ms and 200 ms were judged not to be significantly
different from the original BRIR by most listeners.
This implies that for natural audio signals such as
speech and music, it is possible to replace in a per-
ceptually transparent way the late reverberation tail
of a BRIR (starting 80ms after the beginning of the
BRIR) by correctly filtered and coherence matched
noise if the coherence matching is done separately
for each frequency band.

It was also shown that the frequency dependence of
the interaural coherence of the reverberation is per-
ceptible and that a BRIR where the reverberation
tail is replaced by Gaussian noise matching the inter-
aural coherence (IC) and energy decay relief (EDR)
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of the original BRIR sounds significantly more simi-
lar to the original BRIR for frequency dependent IC
matching than for frequency independent IC match-
ing. This result was established both for replacing
the whole reverberation tail (starting 5 ms after the
beginning of the BRIR) as well as replacing only
the late reverberation tail (starting 80 ms after the
beginning of the BRIR) by coherence- and EDR-
matched noise.

Together, the findings also imply that binaural re-
verberation methods like [5], using only wide-band
interaural coherence for the late reverberation tail,
could be significantly improved by applying the cor-
rect frequency-dependent interaural coherence.

Furthermore it may be inferred that a late rever-
beration tail with correct frequency dependent IC,
combined with a good model for the first 80 ms (i.e.
for the early reflections) may yield a very high qual-
ity binaural reverberator.
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