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ELECTRONIC CANCELLATION OF
AMBIENT NOISE IN TELEPHONE RECEIVERS

BACKGROUND OF THE INVENTION
Telephone receivers in headsets or handsets frequently must function in
5 locations where the ambient noise level is high enough to substantially reduce
intelligibility of the incoming signal. To overcome the ambient noise, some prior art
headsets incorporate a microphone which tracks the ambient noise signal and an
active circuit which uses the microphone output to generate and deliver a noise

cancelling signal to the receiver.

10 These circuits of the prior art usually are effective in reducing undesired
acoustic energy in the frequency band from about 20 Hz to 700 Hz. This range of
noise cancellation is not, however, wide enough to effectively cancel hi gher
frequency unwanted noise, which in many noisy locations is the predominant cause
of the loss of intelligibility.

15 Further, in known noise cancelling circuits of prior art sets, the
incoming speech signal typically is fed directly to the noise cancellation circuit. The
direct feed design can degrade the incoming signal, however, which defeats the
objective of improving the incoming speech intelligibility. Additionally, many prior
art ambient noise-reducing circuits have a tendency under some conditions to

20 oscillate, with the result that the set is momentarily disabled altogether.

SUMMARY OF THE INVENTION
The invention is a circuit design as described in claim 1.

BRIEF DESCRIPTION OF THE DRAWING
FIG. 1 is a block diagram of the overall noise cancelling circuit;
25 FIG. 2 is a graph of a particular speaker-to-error microphone transfer

function;

FIG. 3 is a functional descriptive diagram of the compensation circuit;
~ FIG. 41is a graph of an exemplary handset compensation circuit
response; . o ’ .
30 . FIG. 5 is a gtaph of spegker-to-error microphone transfer function with
compensation;
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ELECTRONI C CANCELLATI ON OF AMBI ENT NO SE | N TELEPHONE

RECElI VERS BACKGROUND OF THE | NVENTI ON Tel ephone receivers in
héapset s or handsets frequently nust function in | ocations where the

anbi ent noise |evel is high enough to substantially reduce intelligibility
of the incom ng signal. To overcone the anbiZnt noise, sone prior art
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FIG. 6 is a graph of active noise cancellation performance for a
particular exemplary individual;

FIG. 7 is a graph illustrating headset speaker-to-error microphone
transfer function;

FIG. 8 is a graph illustrating compensation circuit response for an
exeraplary headset; _

FIG. 9 is a graph illustrating for the headset application a speaker-to-
error microphone transfer function for a circuit with compensation;

FIG. 10 is a graph showing a CCITT-recommended telephone receiver
frequency response;

FIG. 11 is a graph illustrating pre-conditioning circuit response for a
handset;

FIG. 12 is a graph showing typical handset receive response for a circuit
with pre-conditioning;

FIG. 13 is a graph illustrating pre-conditioning circuit response for a
headset;

FIG. 14 is a graph showing typical headset receive response for a circuit
with pre-conditioning; and

FIG. 15 is an oscillaton prevention circuit block diagram.

DETAILED DESCRIPTION OF AN ILLUSTRATIVE EMBODIMENT

The noise cancellation circuit-is shown in FIG. 1 connected to a speaker
11 of a handset or headset denoted 12 which contains an error microphone 13.
Incoming voice signal from, for example, a telephone line is branched to voice pre-
conditioning circuit 14 which provides a dual mode function controlled by switch 10.
When the noise cancellation is "off," the incoming voice signal is passed through
pre-conditioning circuit 9 to speaker 11. With noise cancellation "on,” the incoming
voice is pre-conditioned in circuit 15 and passed to summer 16 where it is combined
with the signal from error microphone 13 routed through gain circuit 17. Qutput
from summer 16 is fed to compensation circuit 18, Output from circuit 18 is fed
through gain control 23 to speaker 11. A tap off the output of gain control 23 is
connected to oscillation prevention circuit 19. Output of circuit 19 is a gain control
signal to.compensation circuit 18. The novel and advantageous features of the
functions provided by the foregoing circuit configuration will now be discussed.
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headsets incorporate a m crophone which tracks the ambi ent noi se signal and
an active circuit which uses the m crophone output to generate and deliver
& noi se cancelling signal to the receiver. These circuits of the
prior art usually are effective in reducing undesired acoustic energy in
the frequency band from about 20 Hz to 700-3z. This range of noise

cancel lation is not, however, w de enough to effectively cancel higher

frequency unwanted noi SEIGW ki bflckBAparySpsskel-REkr AR rdphohd BaREgdOM nant
cause function of a particular telephone hand set which does not have compensation. The
transfer function illustrated in FIG. 2 presents several problems which the
compensation circuit of the present invention overcomes by (1) flattening the transfer
5 function gain in the 100 Hz to 1000 Hz frequency band thereby providing a more
uniform cancellation response in this frequency range; (2) by providing attenuation
at frequencies above 2 kHz, thereby increasing gain margin which results in stable
operation under a wide range of conditions and reducing enhancement of noise in
this frequency region; and (3) by adding positive phase in the 1000 Hz to 4000 Hz

10 frequency band, thereby increasing phase margin in this region to allow for transfer
function variations due to different users. The result is stable feedback operation
over the relevant cancellation bandwidth.. High gain at low frequencies, attenuation
at high frequencies and sufficient phase margin are combined to accommodate wide
variations in the user characteristics.

15 These improvements may be obtained using the circuit of FIG. 3 which
shows compensation circuit 18 in further functional detail as including a gain and
phase equalization.stage 20 and a high frequency rolloff and cancellation gain stage
21. The compensation circuit 18 may include a second order stage for low frequency
gain and high frequency rolloff practices in the prior art. Additionally, however,

20 stages are included to equalize the transfer function by increasing the gain at low
frequencies and adding positive phase in the 1000 Hz to 4000 Hz band. This
relationship is illustrated in FIG. 4.

Most troublesome ambient noise sources have predominant frequency
content below 1000 Hz. These low frequency noises have a much greater effect on

25 speech intelligibility than high frequency noise, due to an upward frequency masking
phenomenon. The cancellation of noise in the 100 Hz to 1000 Hz band in
accordance wit the invention, illustrated in FIG. 6, eliminates the masking effect at
higher frequencies.

Noise cancellation systems of the prior art that use feedback

30 unfortunately tend to enhance noise at frequencies above the point where
cancellation reduces to 0 dB. The increased phase margin at these frequencies, as
illustrated by a comparison of FIGS. 2 and 5, reduces the level of noise
enhancement.

A specific embodiment of the invention useful with telephone handsets

35 may include a fifth order compensation circuit. By way of example, the frequency
response of such a circuit s illustrated in FIG. 4. In the fifth order circuit, a third

—_—
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of sthe loss of intelligibility. Further, in known noise
cancelling circuits of prior art sets, dhe incom ng speech signal typically
iss fed ‘directly to the noise cancellation circuit. The direct feed design
can degrade the incom ng signal, however, which defeats the objective of

I mproving the incomng speech intelligibility. Additionally, many prior art
anbi ent noi se-reducing circuits have a tendéncy under sone conditions to
oscillate, with the result that the set is nonentarily disabled altogether.

order stage may be used to equalize the transfer function and smooth the gain, and a
second order stage may be used to apply low frequency gain and rolloff at high
frequencies to the equalized transfer functions. The speaker-to-error transfer
function with compensation is shown in FIG. 5. Comparison of FIG. 5 to the

5 uncompensated transfer function in FIG. 2 shows that the phase in the 1000 Hz to
1500 Hz region is more positive by 30 to 40 degrees for improved phase margin. In
addition, the gain at higher frequencies is relatively less with the result that at
frequencies above 2000 Hz the gain is at least 10 dB less than the gain at frequencies
below 2000 Hz. The gain margin therefore will be greater than 10 dB for a noise

10 cancelling handset that provides cancellation at frequencies up to 1200 Hz. The

cancellation performance for a typical handset with compensation is illustrated in
FIG. 6. .

A further specific embodiment of the compensation circuit useful with

telephone headsets is next illustrated. An exemplary headset speaker-to-error

15 microphone transfer function without compensation is illustrated in FIG. 7. For the
case of the headset, a sixth order compensation circuit advantageously may be used.
The response of this latter circuit is illustrated in FIG. 8. In the sixth order circuit, a
fourth order stage may also be used to provide gain smoothing and phase advance.
A second order stage may also be used to provide the high frequency rolloff. The

20 speaker-to-error microphone transfer function with compensation is shown in FIG 9.
A comparison of the uncompensated and compensated transfer functions show that
the compensation circuit gain smoothing improves the gain below 300 Hz, thereby to
increase cancellation. Further, the compensation circuit has provided high frequency
rolloff and greéter than 50 degrees of phase margin in the 1000 Hz to 1500 Hz

25 region, thereby to increase stability margin.

Voice intelligibility and quality may be improved if the incoming voice
signal is pre-conditioned, or frequency shaped. Amplification of the incoming voice
signal is effected over substantially the same frequency range within which the noise
cancellation circuit operates. Referring again to FIG. 1, the incoming speech signal

30 is pre-conditioned by circuit 15 when noise cancellation is active and by circuit 9
when noise cancellation is not active. This shaping is compensated for by a pre-
conditioning filter shown in FIG. 1. Specifically, the pre-conditioning produces a
frequency response for the voice signal that approximates the ideal telephone
receiver characteristics specified by the accepted CCITT standard shown in FIG. 10.
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SUVMARY OF THE | NVENTI ON The invention is a circuit design as
descrihed in claim1l. BRI EF DESCRI PTI ON OF THE DRAW NG FIG 1
i*'s a bl ock diagram of the overall noise cancelling circuit;

FIG 2 is a grabof a paicdlar ao6r-to-error mcrophone transfer

-5-

The pre-conditioning responses advantageous for a noise cancellation
handset are shown in FIG. 11. The transfer function from speech input to the
entrance of a user’s ear canal. with pre-conditioning, is shown in FIG. 12 for noise
cancellation for the active and inactive cases. It is seen that both curves approximate

5 the desire telephone receiver ideal response of FIG. 10.

The pre-conditioning responses advantageous for a noise cancellation
headset are shown in FIG. 13. The transfer function from speech input to the
entrance of a user’s ear canal with pre-conditioning is shown in FIG. 14 for noise
cancellation for the active and inactive cases. Again, both curves approximate the

10 desired telephone receiver ideal response shown in FIG. 10.

The result is an improvement over prior art noise cancellation circuits in
which the voice signal is merely added to the cancellation signal and filtered to
produce a flat frequency replace. With the new method, the voice quality is
improved to telephonic applications as evidenced by the closeness of the receive

15 response to the ideal CCITT receiver characteristics. .

Instabilities in a noise cancelling circuit used with a telephone handset,
or that arise because of the wide range of different positions the earpiece might be
placed in relation to the ear, may be substantially reduced. Some positions of the
instrument on a user’s ear will change overall feedback gain in the circuit of FIG. 1

20 and cause oscillations at frequencies where the phase produces positive feedback.
An oscillation-prevention diagram is shown in FIG. 15 wherein functions performed
and numerical callouts correspond to those of FIG. 1. Gain control 23 is fixed for
purposes of providing normal noise cancellation. High-pass filter 24 passes energy
of the speaker 11 input circuit at the frequencies where oscillation can occur. An

25 energy measuring circuit 22 continuously measures the output of filter 24. Summer
25 compares this output to a preset threshold value for the particular receiver.

_ When the detected energy exceeds the threshold, the gain control 23
located in the control feedback signal path to speaker 11 is reduced for a duration of
about 1-2 seconds. Thereafter, the gain in gain control 23 is returned to its set value,

30 The oscillation prevention circuit provides for fast reduction of the feedback loop
gain during transient unstable conditions, and automatic restoration of the feedback
loop gain when the condition passes. The circuit is useful in both noise cancelling
headset and handset applications.
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function; FIG 3 is a functional descriptideagLarn_gi_L—he_

conpensation circuit; FIG 4 is a graph of andset
conpensat ion circuit response; FIG 5is a _ Iﬁ I!” [II
speaker-to-error mcrophone transfer function with corrp .
-6-
Claims:

1. An ambient noise reducing electronic receiving instrument comprising
a speaker receiver(11)an incoming signal path to said receiver, an error microphone
(13)disposed at said receiver for generating an ambient noise signal, and a noise
5 cancelling circuit for inverting said ambient noise signal and feeding same into said
incoming signal path, characterized in that:
said noise cancelling circuit comprises a circuit(1 8)for compensating the
speaker-to-microphone transfer function comprising means for flattening the gain of
said transfer function in a frequency band of substantially from 100 Hz to 1000 Hz,
10 thereby to increase substantially the cancellation response in said named frequency -
range.

2. Apparatus in accordance with claim 1 wherein said compensating
circuit( 8)further comprises:
means for attenuating said gain at frequencies above substantially 2
15 KkHz, thereby to increase gain margin.

3. Apparatus in accordance with claim 2 wherein said compensating
circuit further comprises means for equalizing the phase of said speaker-to-
microphone transfer function in the 1000 Hz to 4000 Hz frequency band, said
equalizing means comprising:

20 means for adding positive phase; and
means for increasing phase margin.

4, Apparatus in accordance with claims 1, 2, or 3 further comprising;
an incoming signal pre-conditioning circuit{14)comprising means in the
circuit path to said speaker for frequency shaping said incomihg signal over
25 substantially the same frequency range within wheih said noise cancellation circuit
operates.

5. Apparatus in accordance with claim 4 further comprising an
oscillation prevention circuit(19)comprising:
threshold circuit means(24, 22)for measuring energy level input to said
30 speaker in a selected frequency range against a preselected threshold; and

e
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means(25, 23)responsive to the reaching of said threshold value for
momentarily reducing gain of said noise cancellation feedback circuit and thereafter
for restoring said gain.

6. Apparatus in accordance with claim 5, wherein said compensation

5 circuit(i8)further comprises:
a gain and phase equalization stage(ZO) and
a high frequency rolloff and cancellation gain stage(21)
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FIG 6 is a graph of active noise cancellation performance for a particul ar

exenpl gry i ndividual ; FIG 7 is a graph illustrating headset
sp‘eake_r-to-erro_r m crophone transfer function; FIG 8 is a
graph illustrating conpensation circuit response for an

-8-

ELECTRONIC CANCELLATION OF
AMBIENT NOISE IN TELEPHONE RECEIVERS
Abstract
A noise reducing circuit for electronic receiving instruments, such as
5 telephone receivers (12) in headsets or handsets that are used in noisy locations,
provides compensation of the set’s receiver unit (11) to-error microphone (13)
transfer function to enhance the noise reduction. A further circuit (15) provides pre-
conditioning of the incoming voice signal to make the noise cancellation more
effective. The tendency of these noise cancelling circuits to oscillate is substantially
10 lessened by added circuitry which rapidly detects onset of oscillation and
momentarily reduces the noise cancellation without interrupting the incoming speech
path altogether.
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exenpl ary headset; FIG 9 is a graph illustrating for the
headset. application a speaker-to- error m crophone transfer function for a

circuit with conpensati on; FIG 10 is a graph showi ng a
CCl TT- r econmended t el ephone receiver frequency response; FI G
11 is a graph illustrating pre- condlttgykng circuit response for a handset;
r—-—"——""—-"""=" A
I - M
[i N 4 |
N N
o~ L—1 L1
o —_ 34

S
L

1

' ’
o | = = r~
T~ —— 9_ - - = —
S WEEs=| .t
. = ; > =
N~ o= = S
= S ©
ﬁh o o
o
[ = _
=
S8
S
«w -
r———g————— ~——"
I I
N == ==
| \.\ 5 g \'\ S g : This Sheet Has Been Re
= =
| =) é?‘: =1 §”z [
L |BBS | |88
= o
[ =3 T = |
W S, bt S
l a & I
‘ X  \ l
Cm ] o
§§t+1:é
- 2 = ) " _\.,v:,. - - "
OO . THIS SHEET HAS BEEN
2=& REPLACED




FIG 12 is a graph show ng typical handset receive response for a circuit

with pre-conditioning; FIG 13 is a graph illustrating
pre-conditioning circuit response for a headset; FIG 14 is a
graph showi ng typi cal headset receive response for a circuit with
pre-condi tioning, and FIG 23rigs an oscillation prevention

circuit block diagram

Vs FIG. 2 \
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DETAI LED DESCRI PTI ON OF AN | LLUSTRATI VE EMBCODI MENT The noi se
cancellation circuit is shown in FIG | connected to a speaker 11 of a
handset or headset denoted 12 which contains an error m crophone 13.

I ncom ng voice signal from for exanple, a telephone line is branched to
voi ce pre- conditioning circuit 14 mhley rovi des a dual node function
controlled by switch 10. Wien the noise’ cancellation is "off," the incom ng

voi ce signal is passed through

FIG. 3
1,/20 4)(21
FROM ERROR
MICROPHONE 13 GAIN AND PHASE | . nggL{g{E}g UAEI:I{;: ! . SPE?KER
AND SPEECH EQUéTuAZGAETION CANCELLATION 11
SUMMER 16 | GAIN CONTROL
I
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pre-conditioning circuit 9 to speaker 11. Wth noise cancel I at L OfL lacedt he
i ncom ng voice is pre-conditidoned in circuit 15 and pa m

where it is conbined with the signal fromerror mcrophon

through gain circuit 17. Qutput fromsumer 16 is fed to

circuit 18. Qutput fromcircuit 18 is fg\gthrough gain control 23 to
speaker 11. A tap off the output of gain control 23 is connected to
oscillation prevention circuit 19. Qutput of circuit 19 is a gain control
signal to conpensation circuit 18. The %jeé an% advant ageous features of
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functions provided by the foregoing circuit configuration will now be

di scussed.
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3 FIG 2 show an exenpl ary speaker-to-error m crophone
transfer function of a particular tel ephone hand set which does not have

conpensation. The transfer function illustrated in FIG 2 presents several
probl ens which the conpensation circuit of the present invention overcones
by (1) flattening the transfer 6/14

ACTIVE NOISE CANCELLATION PERFORMANCE
PRODUCT: AT&T HANDSET
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function gain in the 100 Hz to 1000 Hz frequency band thereby~pF@w
noze uni form cancel l ation response in this frequency range 2 b
providing attenuation at frequencies above 2 kHz, thereby#

margi n which results in stable operation under a wde ran

and reduci ng enhancenent of noise in tmzyﬁwequency regio

addi ng positive phase in the 1000 Hz to 4000 Hz frequency band, there y

i ncreasi ng phase margin in this region to allow for transfer function
variations due to different users. The result is stable feedback operation

/ FIG. 7 ~
SPEAKER-TO-ERROR MICROPHONE TRANSFER FUNCTION
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over the relevant cancellation bandw dth.. Hi gh gain at—ew-f+regquencies

attenuation at high frequencies and sufficient phase ma in are conbined to
atcommodate wi de variations in the user characteristics. ’SS "etHaSBeenRepTdnelse
i nprovenents nmay be obtained using the circuit of FIG 3

conpensation circuit 18 in further funcg§yphal detail as |mu Hm!m

and phase equalization. stage 20 and a high frequency rolloff and
cancel l ati on gain stage 21. The conpensation circuit 18 nmay include a

second order;.t_agg_LaL_l_om@quﬂl_cL FIG. 8 N
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gai h and hi-gh—frequency rolloff practices in the prior art Additionally,
however,, staggfjﬁégﬁkﬁﬁgggg o equalize the transfer function by

i hcreasi ng t heyg equenci es and addi ng positive phase in the
l E relationshipis illustrated in FIG 4.

1000 Hz to 4ooq;;;_
Most troubl esolt e sources predom nant frequency content

bel ow 1000 Hz These IOM/frequency noi ses have a nmuch greater effect on
speech intelligibility than high frequency noise, due to an upward

frequency nmaski ng
FIG. 9

y
HEADSET SPEAKER-TO-ERROR MICROPHONE TRANSFER
FUNCTION WITH COMPENSATION
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phenonenon. The cancell ation of noise in the 100 Hz to 1000 Hz band in
accordance wit the invention, illustrated in FIG 6, elimnates the nmasking
ef fect at higher frequencies. Noi se cancel | ati on systens of the
prior art that use feedback unfortunately tend to enhance noi se at
frequenci es above the point where cancé0/4di on reduces to 0 dB. The

I ncreased phase margin at these fequencies, as illustrated by a conparison
of FIGS. 2 and 5, reduces the | evel of noise

FIG. 10

RESPONSE
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enhancenent .
with tel ephone handsets may include a fifth order conpensation circuit. By

way of exanpl e,
FIG 4.

In the

A specific enbodi nent of the invention useful

/

N\

t he frequency response of such a circuit is illustrated in
fifth order circuit, a third
11/14
FIG. 117
N\
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ordér stage may be used to equalize the transfer function and snooth the
gain, and a second order stage nmay be used to apply | ow frequency gain and
rol l-off at hlgh frequenci es to the equal i zed transfer functions. The
speaker t 0- er r Gikisish 34 BeenRepkotd on wi th conpensation is shown in FIG 5.

Conpari son of FI'” i ww&m conpensatf@y/f ansfer function in FIG 2 shows

t hat the phase 'il e to 1500 Hz region is nore positive by 30 to
40 degrees for DT ( margin. In

FIG. 14
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addition, the gain at higher frequencies is relatively less with the result
that at frequenC| es above 2000 Hz the gain is at |least 10 dB |l ess than the
gai n *at frequenci es bel ow 2000 Hz. The gain margin therefore will be
greater than 10 dB for a noise cancel ling handset that provides

cancel l ation at frequencies up to 12 /I% The cancel | ati on performance for
a typical handset with conpensation is/illustrated in FIG 6. A
further specific enbodi nent of the conpensation circuit useful with
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telep
peak

advance.

-to-error mcrophone transfer function w thout c{
il lustrated in FIG 7. For the case of the headset, a si
€onpensation circuit advant ageously may be used. The re d)nse of#kg%
|atter circuit is illustrated in FIG 8. In the sixth ordér o ¥ gax
fourth order stage may al so be used to prpvide gain sm)’tml ng andmphgs,ez,
A second order stage nay al so be used to prow§

[requency rollof . The speqer hRNICEANCELLATBN bF"

ne headsets is next illustrated. An exenpl ary headset

e The hi gh

conpensation is shown in Fl

AMBIENT NOISE IN TELEPHONE RECEIVERS

BACKGROUND OF THE INVENTION

Telephone receivers in headsets or handsets frequently must function in
locations where the ambient noise level is high enough to substandally reduce
intelligibility of the incoming signa.l. To overcome the ambient noise, some prior art
headsets incorporate a microphone which tracks the ambient noise signal and an
active circuit which uses the microphone outpu: to generate and deliver a noise
cancelling signal to the receiver.

These circuits of the prior art usually are effective in reducing undesired
acoustic energy in the frequency band from about 20 Hz to 700 Hz. This range of
noise cancellation is not, however, wide eriough to effectively cancel higher

frequency unwanted noise, which in many noisy locations is the predominant cause

of the loss of intelligibility.

Further, in known noise cancelling circuits of prior art sets, the
incoming speech signal typically is fed directly to the noise cancellation circuit. The
direct feed design can degrade the incoming signal, however, which defeats the
objective of improving the incoming speech intelligibility. Additionally, many prior
art ambient noise-reducing circuits have a tendency under some conditions to
oscillate, with the result that the set is momentarily disabled altogether.
SUMMARY OF THE INVENTION

The invention is a circuit design as described in claim 1.

BRIEF DESCRIPTION OF THE DRAWING 2y,

gy

FIG. 1 is a blogk diagrarft of the o ez'%ll ﬁdxse daggellmg circui;
FIG.2isa grar.‘hof a pameﬁiar speaker -to-crTor microphone transfer

function;

FIG. 3 is a functional descriptive diagram of the compensation circuit;

FIG. 4 is a graph of an exemplary handset compensation circuit
response;

FIG. 5 is a graph of speaker-to-error microphone transfer function with
compensation;
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FIG. 6 is a graph of active noise cancellation pcrformance fora
particular exemplary individual; J

FIG. 7 is a graph illustrating headset speaker-to-error mlcrophone
transfer function;

FIG. 8 is a graph illustrating compensation circuit response for an
exemplary headset;

FIG. 9 is a graph illustrating for the headset application a speaker-to-
error microphone transfer function for a circuit with compensation;

FIG. 10 is a graph showing a CCITT-recommended telephone receiver
frequency response;

FIG. 11 is a graph illustrating pre-conditioning circuit response for a
handset;

FIG. 12 is a graph showing typical handset receive response for a circuit
with pre-conditioning; :

FIG. 13 is a graph illustrating pre-conditioning circuit response fora
headset;

- FIG. 14 is a graph showing typical headset receive response for a circuit

with pre-conditioning; and

FIG. 15 is an oscillation prevention circuit block diagram.

DE’I’AILED DESCRIPTION OF AN ILLUSTRATIVE EMBODIMENT

The noise cancellation circuit is shown in FIG. 1 connected to a speaker
11 of a handset or headset denoted 12 which contains an error microphone 13.
Incoming voice signal from, for example, a telephone line is branched to voice pre-
conditioning circuit 14 which provides a dual mode function controlled by switch 10.
When the noise cancellation is "off," the incoming voice signal is passed through
pre-conditioning circuit 9 to speaker 11. With noise cancellation "on,” the incoming
voice is pre-conditioned in circuit 15 and passed to summer 16 where it is combined
with the signal from error microphone 13 routed through gain circuit 17. Output
from summer 16 is fed to compensation circuit 18. Output from circuit 18 is fed
through gain control 23 to speaker 11. A tap off the output of gain control 23 is
connected to oscillation prevention circuit 19. Output of circuit 19 is a gain control
signal to compensation circuit 18. The novel and advantageous features of the
functions provided by the foregoing circuit configuration will now be discussed.
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transfer function illustrated in FIG. 2 presents several problems which the
compensation circuit of the present invention overcomes by (1) flattening the transfer
function gain in the 100 Hz to 1000 Hz frequency band thereby providing a more
uniform cancellation response in this frequency range; (2) by providing attenuation
at frequencies above 2 kHz, thereby increasing gain margin which results in stable
operation under a wide range of conditions and reducing enhancement of noise in
this frequency region; and (3) by adding positive phase in the 1000 Hz to 4000 Hz
frequency band, thereby increasing phase margin in this region to allow for transfer
function variations due to different users. The result is stable feedback operation
over the relevant cancellation bandwidth.. High gain at low frequencies, attenuation
at high frequencies and sufficient phase margin are combined to accommodate wide
variations in the user characteristics.

These improvements may be obtained using the circuit of FIG. 3 which
shows compensation circuit 18 in further functional detail as including a gain and
phase equalization.stage 20 and 2 high frequency rolloff and cancellation gain stage
21. The compensation circuit 18 may include a second order stage for low frequency
gain and high frequency rolloff practices in the prior art. Additionaily, however,
stages are included to equalize the transfer function by increasing the gain at low
frequencies and adding positive phase in the 1000 Hz to 4000 Hz band. This
relationship is illustrated in FIG. 4.

Most troublesome ambient noise sources have predominant frequency
content below 1000 Hz. These low frequency noises have a much greater effect on
speech intelligibility than high frequency noise, due to an upward frequency masking
phenomenon. The cancellation of noise in the 100 Hz to 1000 Hz band in
accordance wit the invention, illustrated in FIG. 6, eliminates the masking effect at
higher frequencies.

Noise cancellation systems of the prior art that use feedback
unfortunately tend to enhance noise at frequencies above the point where
cancellation reduces to 0 dB. The increased phase margin at these frequencies, as
illustrated by a comparison of FIGS. 2 and 5, reduces the level of noise
enhancement.

A specific embodiment of the invention useful with telephone handsets
may include a fifth order compensation circuit. By way of example, the frequency
response of such a circuit is illustrated in FIG. 4. In the fifth order circuit, a third

o
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order stage may be used to equalize the transfer function and s"moodrﬂre’*gﬁ'ih, and a
second order stage may be used to apply low frequency gain and rolloff at high
frequencies to the equalized transfer functions. The speaker-to-error transfer
function with compensation is shown in FIG. §. Comparison of FIG. 5 to the
uncompensated transfer function in FIG. 2 shows that the phase in the 1000 Hz to
1500 Hz region is more positive by-30 to 40 degrees for improved phase margin. In
addition, the gain at higher frequencies is relatively less with the result that at
frequencies above 2000 Hz the gain is at least 10 dB less than the gain at frequencies
below 2000 Hz. The gain margin therefore will be greatér than 10 dB for a noise
cancelling handset that provides caneellation at frequencies up-to 1200 Hz. The
cancellation performance for a typical handset with compensation is illustrated in
FIG. 6. | |

A further specific embodiment of the-compensation circuit useful with
telephone headsets is next illustrated. An exemplary headset speaker-to-error
microphone transfer function without compensation is illustrated in FIG. 7. For the
case of the headset, a sixth order conipensation circuit advantageously may be used.
The response of this latter circuit is illustrated in FIG. 8. In the sixth order circuit, a
fourth order stage may also be used to provide gain smoothing and phase advance.

A second order stage may also be used to provide the high frequency rolloff. The
speaker-to-error microphone transfer function with compensation is shown in FIG 9.
A comparison of the uncompensated and compensated transfer functions show that
the compensation circuit gain smoothing improves the gain below 300 Hz, thereby to
increase cancellation. Further, the compensation circuit has provided high frequency
rolloff and greater than 50 degrees of phase margin in the 1000 Hz to 1500 Hz
region, thereby to increase stability margin.

Voice intelligibility and quality may be improved if the incoming voice
signal is pre-conditioned, or frequency shaped. Amplification of the incoming voice
signal is effected over substantially the same frequency range within which the noise
cancellation circuit operates. Referring again to FIG. 1, the incoming speech signal
is pre-conditioned by circuit 15 when noise cancellation is active and by circuit 9
when noise cancellation is not active. This shaping is compensated for by a pre-
conditioning filter shown in FIG. 1. Specifically, the pre-conditioning produces a
frequency response for the voice signal that approximates the ideal telephone
receiver characteristics specified by the accepted CCITT standard shown in FIG. 10.
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The pre-conditioning responses advantageous for a noLe-cancdladQn
handset are shown in FIG. 11. The transfer function from speech input to the
entrance of a user’s ear canal. with pre-conditioning, is shown in FIG. 12 for noise
cancellation for the active and inactive cases. It is seen that both curves approximate
the desire telephone receiver ideal response of FIG. 10.

The pre-conditioning responses advantageous for a noise cancellation
headset are shown in FIG. 13. The transfer function from speech input to the
entrance of a user’s ear canal with pre-conditioning is shown in FIG. 14 for noise
cancellation for the active and inactive cases. Again, both curves approximate the
desired telephone receiver ideal response shown in FIG. 10.

" The result is an improvement over prior art noise cancellation circuits in
which the voice signal is merely added to the cancellation signal and filtered to
produce a flat frequency replace. With the new method, the voice quality is
improved to telephonic applications as evidenced by the closeness of the receive
response to the ideal CCITT receiver characteristics. :

Instabilities in a noise cancelling circuit used with a telephone handset,
or that arise because of the wide range of different positions the earpiece might be
placed in relation to the ear, may be substanually reduced. Some positions of the
instrument on a user’s ear will change overall feedback gaxn in the circuit of FIG. 1
and cause oscillations at frequencies where the phase produces positive feedback.
An oscillation-prevention diagram is shown in FIG. 15 wherein functions performed
and numerical callouts correspond to those of FIG. 1. Gain control 23 is fixed for
purposes of providing normal noise cancellation. High-pass filter 24 passes energy
of the speaker 11 input circuit at the frequencies where oscillation can occur. An
energy measuring circuit 22 continuously measures the output of filter 24. Sumnmer
25 compares this output to a preset threshold value for the particular receiver.

When the detected energy exceeds the threshold, the gain control 23
located in the control feedback signal path to speaker 11 is reduced for a duration of
about 1-2 seconds. Thereafter, the gain in gain control 23 is returned to its set value.
The oscillation prevention circuit provides for fast reduction of the feedback loop
gain during transient unstable conditions, and automatic restoration of the feedback
loop gain when the condition passes. The circuit is useful in both noise cancelling
headset and handset applications.

It is seen
A5 WAy oo
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1. An ambient noise reducing electronic receiving instrument compns‘ng**--—m—.ﬂ

a speaker receiver(11)an incoming signal path to said receiver, an error microphone
(13)disposed at said receiver for generating an ambient noise signal, and a noise
cancelling circuit for inverting said ambient noise signal and feeding same into said
incoming signal path, characterized in that:

said noise cancelling circuit comprises a circuit(l 8for compensating the
speaker-to-microphone transfer function comprising means for flattening the gain of
said transfer function in a frequency band of substantially from 100 Hz to 1000 Hz,
thereby to increase substantially the cancellation response in said named frequency
range.

2. Apparatus in accordance with claim 1 wherein said compensating
circuit(18)further comprises:
means for attchuéting said gaﬁa at freﬁixéﬁcieﬁ 'at_;-bvemsubstamially 2
kHz, thereby to increase gain margin.

3. Apparatus in accordance with claim 2 wherein said compensating
circuit further comprises means for equalizing the phase of said speaker-to-
microphone transfer function in the 1000 Hz to 4000 Hz frequency band, said
equalizing means comprising:

means for adding positive phase; and
means for increasing phase margin,

4. Apparatus in accordance with claims 1, 2, or 3 further comprising;
an incoming signal pre-conditioning circuit(14)comprising means in the
circuit path to said speaker for frequency shaping said incoming signal over
substantially the same frequency range within whcih said noise cancellation circuit
operates.

5. Apparatus in accordance with claim 4 further comprising an
oscillation prevention circuit(19)comprising:
threshold circuit means(24, 22)for measuring energy level input to said
speaker in a selected frequency range against a preselected threshold; and
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means{25, 23)responsive to the reaching of said threshold value for
momentarily reducing gain of said noise cancellation feedback circuit and thereafter
for restoring said gain.

6. Apparatus in accordance with claim 5, wherein said compensation
circuit {1 8} further comprises: |
a gain and phase equalization stage(20} and
a high frequency rolloff and cancellation gain stage{21)
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1. I'n an ambi ent noi se reducing tel ephone conprising a speaker receiver an

incom ng signal path to said receiver,
recei ver for picking up anbient noise signal at said re
noi se-cancel ling circuit responsive to error m crophone

an error mcrophone disposed at said

qgi$56(2§%'r

“§
wa g e
SHLET i

generating an interfering acoustic signaf which di m nisheg the ar i t ud] of
sai d noise signal, the inprovenent conprTsing: 9 BHA dwése qhd
i ncom ng speech preconditioning circuits, said second [ L
Vs FIG. 5 \
MAGNITUDE (dB)
3%
0 —A
[ P
25 |
a
15 -
N
o] \
S \
0 P
0 300 1000

PHASE (DEGREES)

500 2000 2500 3000 3500 4000 4500 35000

0

-100 *\

-200

=300

\

[~

-400

N\

-500

——

o — e

]

S~ —

1

0

N

300

1000 1500 2000 2500 3000 3500 4000 4500 5000



preconditioning circuit disposed in the incom ng signal path such that an
i ncom ng signal nust traverse said second preconditioning circuit prior to
sai.d noi se- cancelling circuit; said firkt preconditioning
circuit consisting of nmeans for adjusting said incom ng {FEkatek Tkl

content in relation to the frequency resfonse of said s LECe] v eri
that the net frequency response of said Speaker-receiver| ijs essentially]
flat fromabout 500 Hz. to 3000 Hz. when said noise-candeljl ifg giyeuit is
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| nactive sai d second preconditioning circuit consisting of
means for adjusting said incomng signal in frequency content in relation
tqQ the frequency response of the conbination of said speaker rfeecet-ver—ane———
sai d noise-cancelling circuit so that the net frequency resp%&ﬂiﬁﬂﬂgﬁwﬁgﬁgﬁT
speaker-receiver is essentially flat froqnabout 500 Hz. to 300 f ]
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circuit, is, respectively, inactive or active.

circuit to said speaker-recei ver accordi ng to whet her saidr~
2.

agcordance with claim1, wherein

sai d speaker
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pﬁase to the output of said cancellation circuit in an ano
approximately 35 degrees, thereby to substantially extend f
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an out put anplifier and neans for adding high frequency
roll - off to the output of said conpensation circuit sufficient to effect a

gain nargln of about 10 dB in said e _ﬁ@ﬂ?
}_1- I! il{ ’i‘lﬁ‘ﬁﬁ{.“‘q{ “{g?é % ‘
PRE-CONDITIONING CIRCUIT FREQUENCY RESPONSE HANDSET;
CANCELLATION "ON" /" OFF"
MAGNITUDE (dB)
10
0 ‘51’— -~‘~”‘~=.
T~
=10 —
-20 /
-30
-40

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
FREQUENCY (Hz)

MAGNITUDE (dB)
10

-10 [\\/ T~

[ ]~

"0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
\ © FREQUENCY (H2)




speaker - r ecei ver . 4. aratus in accordance W]
fgrt her corrplr:/5| ng: Qgposm :JI a!t i on prevention EJ'PME’ F' QI',EET
cqnpri sirg: hi gh-pass filter nmeans havi ng i npfit ouf“put”"’f
ports, said input port being connected to the output of sa#dlsq@)q@v 4004 | )
precondi tioning circuit, for renoving S|ﬂ_y1al s bel ow about J0POHz 4
gl [ -
FIG. 12 |
HANDSET RECEIVE RESPONSE WITH PRE-CONDITIONING
MAGNITUDE (dB) —— QFF, = — = ON, HEADSET
10
O i --4" - \4"\
P b \
-10 '1’ / l"\\J
L.\ " / {
1\ | i/ |\
A0\B] / \m"\

N>

&

\s
o

S

L]
[ &) ]
e ]
-£<._ —
\\
e

-40 =
-50 /
10! 102 109 104
FIG. 13

HANDSET PRE-CONDITIONING CIRCUIT FREQUENCY RESPONSE
MAGNITUDE (dB)

10 o
! ~

0 A

N

\\

0 1000 2000 3000 4000 5000 6000 7000. 8000 9000 10000




an energy-neasuring circuit connected to said output port, for generating
periodic neasures of the energy level of signals in said gEgput ;
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ELECTRONIC CANCELLATION OF
AMBIENT NOISE IN TELEPHONE RECEIVERS
Abstract
A noise reducing circuit for electronic receiving instruments, such as
telephone receivers (12) in headsets or handsets that are used in noisy locations,
provides compensation of the set’s receiver unit (11) to-error microphone (13)
transfer function to enhance the noise reduction. A further circuit (15) provides pre-
conditioning of the incoming voice signal to make the noise cancellation more
effective. The tendency of these noise cancelling circuits to oscillate is substantially
lessened.by added circuitry which rapidly detects onset of oscillation and
momentarily reduces the noise cancellation without interrupting the incoming speech
path altogether. FIGURE 4.
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Claims: _

1. In an ambient noise reduciag telephone comprising a Sjeaker-Teeeiver, .. ...
an incoming signal path to said receiver, an error microphone disposed at said
receiver for picking up ambient noise signal at said receiver, and a noisc-cancelling
cireuit responsive to error microphone output for generating an interfering acoustic
signal which diminishes the amplitude of said noise signal, the improvement
comprising:

first and second incoming speech preconditioning circuits, said second
preconditioning circuit disposed in the incoming signal path such that an incoming
signal must traverse said second preconditioning circuit prior to said noise-
cancelling circuit;

said first preconditioning circuit consisting of means for adjusting said

incoming signal in frequency content in relation to the frequency response of said
speaker-receiver so that the net frequency response of said speaker-receiver is
essentially flat from about 500 Hz. to 3000 Hz. when said noise-cancelling circuit is
inactive;

said second preconditioning circuit consisting of means for adjusting
said incoming signal in frequency content in relation to the frequency response of the
combination of said speaker-receiver and said noise-cancelling circuit so that the net
frequency response of said speaker-receiver is essentially flat from about 500 Hz. to
3000 Hz. when said noise-cancelling circuit is active; and switch means for
selectively passing the output of either said first or said second preconditioning
circuit to said speaker-receiver according to whether said noise-cancelling circuit is,
rcspectivély, inactive or active,

2. Apparatus in accordance with claim 1, wherein
. said speaker-receiver exhibits a phase response in the 1 1o 2 KHz. region
which approaches -180 degrees; and
said noise-cancellation circuit comprises means for adding positive
phase to the output of said cancellation circuit in an amount up to approximately 35
degrees, thereby to substantially extend the bandwidth of noise cancellation.

3. Apparatus in accordance with claim 2, wherein said compensation
circuit further comprises;
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an output amplifier; and

means for adding high frequency roll-off to the output of said
compensation circuit sufficient to effect a gain margin of about 10 dB in said .
speaker-receiver.

4. Apparatus in accordance with claim 3, further comprising:

an oscillation prevention circuit comprising:

high-pass filter means having input and output ports, said input port
being connected to the output of said second preconditioning circuit, for removing
signals below about 1000Hz.,

an energy-measuring circuit connected to said output port, for
generating periodic measures of the energy level of signals in said output port; and

variably settable threshold means for receiving an output of said
energy-measuring circuit indicative of the onset of oscillations, and for sending a
control signal to said output amplifier to reduce amplification by a predetermined
amount for a preselected period, thereby to drive said output amplifier out of an
oscillatory mode.



