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ABSTRACT

Two methods of extending measured room impulse responses below their noise floor and beyond their
measured duration are presented. Both methods extract frequency-dependent reverberation energy decay
rates, equalization levels, and noise floor levels, and subsequently extrapolate the reverberation decay towards
silence. The first method crossfades impulse response frequency bands with a late-field response synthesized
from Gaussian noise. The second method imposes the desired decay rates on the original impulse response
bands. Both methods maintain an identical impulse response prior to the noise floor arrival in each band
and seamlessly transition to a natural sounding decay after the noise floor arrival.

1. INTRODUCTION quences, by increasing the test signal energy applied
to the space [1, 2, 3, 4, 5, 6]. Even so, in typical
measured room IRs, the high-frequency energy de-
cays faster and arrives at the noise floor earlier than
does low-frequency energy. This leads to unnatu-
rally emphasized high-frequency content in the late-
field tail. Moreover, room decay rates are typically
longer in the low frequencies, and unwanted low-
frequency measurement noise often corrupts room
impulse response measurements as seen in Fig. 1.

Room reverberation is often simulated using convo-
lution with a measured room impulse response (IR).
The quality of such measured IRs depends on the
measurement signal-to-noise ratio (SNR) or noise
floor. The noise floor limits the perceptual qual-
ity of reverberant impulse responses and is invari-
ably undesirable. Because of this, numerous ro-
bust impulse response measurement methods have
been developed to increase the measured SNR, such When preparing such a measured impulse response
as sinusoidal sweeps and pseudo-random noise se- for use in a convolutional reverberator, it is useful
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Fig. 1: EMT 140 Impulse Response Spectrogram.
A spectrogram of an EMT 140 plate reverberator in
the presence of a noise floor prominent in the low
and high frequencies.

to extrapolate the impulse response decay to below
its noise floor using the methods presented here as
shown in the example of Fig. 2. In addition, there
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Fig. 2: Extended EMT 140 Impulse Response Spec-
trogram. A spectrogram of an EMT 140 plate rever-
berator extended to below its measured noise floor.

are scenarios in which it is desirable to extend an
impulse response beyond its measured length. Fur-
thermore, various methods of artificial reverbera-

tion synthesis have found noise floor extension use-
ful [7, 8]. All such issues motivate the developed
methods to help eliminate the noise floor of room
impulse responses.

In this work, we present two methods of extrapolat-
ing the late-field of a room impulse response below
its noise floor and beyond. The idea is to extract the
energy equalizations, energy decay rates, and noise
floor levels which can then be used to model and syn-
thesize the late-field reverberation. Both methods
similarly model the late-field response, but differ on
how the synthetic late-field response is constructed.

The first method uses a constant-power crossfade to
fade out the measured room response before the de-
tected noise floor and fade in synthetically generated
statistically independent Gaussian noise to match.
The second method imposes the desired decay rates
upon the original impulse response bands, essentially
“bending” the original noise floor to maintain con-
stant band energy decay rates to perform an all nat-
ural extension.

Other methods based on sample rate conversion
for naturally extending reverberation have been de-
scribed in [9]. However, these methods do not explic-
itly reduce the noise floor level. Both of the proposed
methods allow not only extensions of room impulse
responses beyond their measured noise floor, but can
remove unwanted transients found within the mea-
sured late-field.

An overview of late-field reverberation with respect
to this work is found in §2, methods for analysis and
noise floor estimation in §3, and extension methods
in §4. Results and conclusions are found in §5 and §6
respectively.

2. LATE FIELD REVERBERATION OVERVIEW

A room impulse response is commonly modeled as
having early and late-field responses. The early re-
sponse encompasses the direct path arrival and early
reflections and is followed by the late-field [10, 11, 12,
13, 14]. The late-field response is modeled as Gaus-
sian noise, with an evolving equalization reflecting
the frequency-dependent decay rates [10, 13]. A fre-
quency band energy profile is modeled as a constant
noise floor plus a decaying exponential in each of a
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set of bands k,

B(t;0) = of + yie /™, (1)

where the parameters § = [ 02 72 7 |T, are o2
the noise floor variance, v, the initial late-field gain
and 7, the late-field time constant. Fig. 3 depicts
a measured room IR over a narrow frequency band

following such a model.
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Fig. 3: Impulse Response Frequency Band. The
time domain of a sample impulse response with an-
notations highlighting the reverberation features.

3. ANALYSIS AND ESTIMATION

A perfect amplitude reconstruction zero-phase fil-
ter bank is used to split the late-field response h(t)
into frequency bands hy(t). The filter bank is con-
structed via a cascade of squared Butterworth fil-
ters as shown in Fig. 4 [15]. The magnitude transfer
functions of the filters are shown in Fig. 5.

Once separated into bands, frequency-dependent en-
ergy profiles can be computed by smoothing the
square of hy(t) over a running window,

Bi(t) = hi(t)* * w(t). (2)

where w(t) is a positive smoothing window with
unit sum, Y ,w(t) = 1. After energy profiles
are computed, the necessary parameters 6 can be
estimated. Two methods of parameter estimation

|
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Fig. 4: Filter Cascade Block Diagram. An illustra-
tion of the filter bank cascade structure.
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Fig. 5: Filter Bank Transfer Function Magni-
tudes. The transfer function magnitudes of the anal-
ysis/synthesis filter bank with third-octave center
frequencies.

are suggested, motivated by the two extension
methods presented.

3.1. Synthetic Extension Analysis

The first method is motivated by the synthetic ex-
tension method and explicitly estimates frequency
dependent equalization levels, energy decay rates,
and noise floor arrival times. To do so, the band
noise floor arrival times t,, for each band are esti-
mated, followed by a least squares estimation of the
equalization levels and decay rates.

The noise floor arrival time is computed via a slid-
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ing least-squares estimate on the decibel level of the
smoothed energy profile. The noise floor is detected
as the energy decay begins to lengthen and the es-
timated time constant reaches a prescribed upper
threshold, say, corresponding to a 20 second Tgp.
For each time window t of the sliding estimate, the
optimal parameters 6 are estimated via

argmin || 101og;o(8(t: ) - o?) — 10logy, B(t;0) |13,

assuming /3(t) is above the noise floor. An illustra-
tion of the estimation process is shown in Fig. 6,
where the start of each estimation window and the
corresponding fit is displayed with a dot followed by
a straight line.

Amplitude (db)

Time (seconds)

Fig. 6: Noise Floor Arrival Time Estimation. Esti-
mation of the noise floor via a sliding least squares
estimate. The energy profile (thin line) is shown
along with the successive estimates (thick lines).

Once the noise floor time of arrival is found, up-
dated estimates of 7 over the length of the late-field
and ~ over a short window circa ¢, are computed.
The updated 7 and ~ estimates, along with the
explicit estimation of the noise floor arrival time,
are motivated by the synthetic extension method
presented below in §4.1.

3.2. Natural Extension Analysis

The second method of extension explicitly estimates
frequency dependent equalization levels, energy de-
cay rates, and noise floor levels. In this method, all
three parameters 6 are estimated simultaneously via

argénin | 1010gy0 B(tm; 0) — 1010g; B(tm: ) |3 -

This alternative estimation method is motivated by
the natural extension method presented in §4.2.

4. EXTENSION METHODS

Given that the late-field reverberation is modeled
as colored Gaussian noise, the late-field can be
extended by extrapolating the energy profile decay
rates. Two methods of extension are presented.
The first method uses a constant-power crossfade
to stitch in synthetically generated statistically
independent Gaussian noise to match the original
measured room IR. The second method leverages
the unwanted noise floor by essentially “bending”
down the noise floor to extrapolate a constant
energy decay rate.

4.1. Synthetic Extension Synthesis

To fade in a synthetically generated late-field, we
first generate a single Gaussian noise sequence
n(t) ~ N(0,0?). The noise sequence is put through
the analysis filter bank to generate a set of noise
bands n(¢). The noise bands are then exponentially
windowed to impose the equalization levels ~; and
decay rates 7 from the measured impulse response

AL (t) = ﬁkeit/n. (3)

The windowed bands are crossfaded with the input
room IR bands h(t) immediately prior to the noise
floor arrival times t¢,,. Because both the original IR
and synthetically generated noise are assumed to be
statistically independent, a power-complementary
sine window is used for the crossfade. Fig. 7
illustrates the crossfade on a dB scale. Once each
band of the input impulse response is extended,
the bands are summed to produce the complete
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Fig. 7: (a) Windowed Measured Impulse Response.
(b) Windowed Synthesized Late-field. (c) Cross-
faded, Extended Late-field Reverberation.

extended room impulse response.
4.2. Natural Extension Synthesis

The second method of extension windows the orig-
inal noise floor signal to extend the IR below its
noise floor. This method preserves the natural noise
sequence found in the original impulse response by
windowing the measured late-field bands according
to a window A\, defined as

2 et/ e
Yr€
Ak(t) = .
ﬁze—zt/ﬂc _‘_&%}1/2

(4)

The denominator of the windowing equalizes, over
time, the measured energy profile, whereas the nu-
merator acts to extrapolate the desired decay rate
and equalization level. Note that the window is ~ 1,
except as the level approaches the noise floor level.

Fig. 8 displays the measured and estimated energy
profile that is used to compute A(t). This natural
extension leverages the fact that the unwanted noise
floor typically maintains the necessary noise statis-
tics to match the late-field response, but with an
undesirable windowing that may be replaced. Note
that this technique may be used with synthetically
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— - — - Estimated Energy Profile
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Fig. 8: Measured Energy Parameter Estimation.
The model o3 —l—w,%e_%/ ™ fit to a low-frequency mea-
sured impulse response band.

generated noise added to the original impulse re-
sponse late-field above the noise floor.

5. RESULTS

Based on informal listening tests, both extension
methods were seen to effectively eliminate the noise
floor and achieve a significant perceptual improve-
ment over original room impulse responses. An orig-
inal and extended balloon pop response of the Ha-
gia Sophia, Istanbul, Turkey is shown in Fig. 9. The
measured and extended spectrograms are displayed
in Fig. 10 and Fig. 11, respectively. Within the
original spectrogram, interfering conversation noise
is visible around 6 and 8 seconds; within the ex-
tended spectrogram, no such artifacts are present.
The smoothed energy profiles are shown in Fig. 12

6. CONCLUSION

To summarize, two methods for extending room im-
pulse responses beyond their noise floor are pre-
sented. The first method crossfades a synthetically
generated late-field with the input IR prior to the
frequency-dependent noise floor arrival time. The
second method windows or “bends” down the un-
wanted noise floor to extended the IR. Both meth-
ods maintain an identical impulse response prior to
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Fig. 9: (a) Measured Hagia Sophia Balloon Pop

Response. (b) Extended Hagia Sophia Balloon Pop
Response.
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Fig. 10: Measured Hagia Sophia Balloon Pop Spec-
trogram. The spectrogram of the measured Hagia
Sophia balloon pop response.

the noise floor arrival and impose a natural sounding
decay after the noise floor.
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Fig. 12: (a) Measured Hagia Sophia Energy Pro-
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