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Abstract

• Phase-aware speech processing: fundamentals-applications [1,8].
• Is phase processing possible? [2,4]
• Existing methods: Temporal Smoothing of Unwrapped Phase (TSUP) [2]

and Maximum a Posteriori (MAP) [6], STFT phase improvement [4]
• Phase-aware processing in speech enhancement (see [1, Ch. 3])
• Here: phase invariance property to estimate clean spectral phase

1. Notations and Signal Model

For each frame index l, the noisy speech is given by:

y(n, l) =

Hl∑

h=1

A(h, l) cos

Ψ(h,l)...instantaneous phase

︷ ︸︸ ︷
(

h · 2π
F0(l)

fs
n + Φ(h, l)

)

︸ ︷︷ ︸

x(n)...clean signal

+ν(n, l),

ν(n, l) : noise at frame l and time n h : harmonic index with h ∈ [1, Hl]
Hl : number of harmonics at frame l Φ(h, l) : unwrapped phase
F0(l) : fundamental frequency, fs : sampling frequency

Y (k, l) : noisy DFT spectrum X̂(k, l) : phase-enhanced spectrum

ϑ(k, l) = ∠Y (k, l) : noisy DFT phase ϑ̂(k, l) : enhanced DFT phase
K : DFT length with k ∈ [0,K − 1] l : frame index
Nw : analysis window main lobe width x̂(n) : phase-enhanced signal

2. Phase Invariant (PI) and Phase Quasi Invariant (PQI) Properties

Phase Invariant (PI): for a harmonic signal, Zverev [9] proposed phase invari-
ant (PI) property, determined for each triplet of the harmonic components if their
frequencies satisfy the following set of equations:






f1 = K1F0, where K1 = 1, 2, ...

f2 = K2F0, where K2 = K1 + 1, K1 + 2, ...

f3 = K3F0, where K3 = 2K2 − K1.

Then the PI denoted by ∆Ψ(l), is given by:

∆Ψ(l) =
Ψ(1, l) + Ψ(3, l)

2
− Ψ(2, l)

=
Φ(1, l) + Φ(3, l)

2
− Φ(2, l).

Phase Quasi-Invariant (PQI): was introduced by Vorobiov [5], between com-
ponents with frequencies h̄F0(t) and hF0(t). For an arbitrary pair {h, h̄} ∈
[1, Hl] we obtain:

∆Ψh̄(h, l) =
h

h̄

(

Φ(h̄, l) −
Φ(h, l) · h̄

h

)∣∣
∣
∣
∣
2π·h̄
h

=
h

h̄

(

Ψ(h̄, l) −
Ψ(h, l) · h̄

h

) ∣∣
∣
∣
∣
2π·h̄
h

.

3. Temporal Smoothing of PQI

Given pre-enhanced reference phases Ψ̂(h̄, l), PQI values are given by:

∆Ψ̂h̄(h, l) =
h

h̄

(

Ψ̂(h̄, l) −
Ψ(h, l) · h̄

h

) ∣∣
∣
∣
∣
2π·h̄
h

.

We temporally smooth the PQI as follows:

∆Ψ̃h̄(h, l) = ∠
1

|W|

∑

l̃∈W

ej∆Ψ̂
h̄
(h,l̃),

W : the set of frames that lie within a range of 100 milliseconds around frame l.

4. Proposed Phase Estimation Method

TSUP on

ref. harm.
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5. Signal Synthesis

The enhanced harmonic phase is transformed to the STFT domain by modifying
the frequency bins within the main lobe width of the analysis window:

ϑ̂(⌊hω0(l)K⌋ + i, l) =

(

h · Ψ̂(h̄, l)

h̄
− ∆Ψ̃h̄(h, l)

)

︸ ︷︷ ︸

ψ̂(h̄,l)

where ∀i ∈ [−Np(l)/2, Np(l)/2], Np(l) minimum value of either Nw or fre-
quencies close to neighboring harmonic Np(l) = min(Nw, ω0(l)K/(2π)). We
obtain the phase-enhanced signal in STFT domain by:

X̂(k, l) = |Y (k, l)|ejϑ̂(k,l),

x̂(n) is given by applying the inverse DFT of X̂(k, l) followed by overlap-add.

6. Experiment Setup

• Speech: GRID corpus, 50 utterances (specakers: 10 female, 10 male)
• Noise: NOISEX-92: white and babble, mixed at SNR ∈ {0, 5, 10} (dB)
• Methods: MAP [6], STFT phase improvement (STFTPI) [4], proposed.
• Robustness to F0 estimation errors: oracle-F0 vs. blind scenario
• Evaluation criteria: ∆PESQ, ∆STOI, ∆UnRMSE in (dB) [7].
• In PESQ, the proposed method outperforms others.
• In terms of phase estimation error (UnRMSE), MAP [6] is the best.
• Listening examples at: www2.spsc.tugraz.at/people/pmowlaee/PQI

7. Experimental Results
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