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Please find below and/or attached an Office communication concerning this application or proceeding.
The time period for reply, if any, is set in the attached communication.

Notice of the Office communication was sent electronically on above-indicated "Notification Date" to the
following e-mail address(es):

PATDOCTC@fr.com
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

APPLICATION NO. ISSUE DATE PATENT NO.

17/327,946 03-Oct-2023 11777540

FISH & RICHARDSON P.C. (DC)
P.0. BOX 1022
MINNEAPOLIS, MN 55440-1022

EGRANT NOTIFICATION

Your electronic patent grant (eGrant) is now available, which can be accessed via Patent Center at https://
patentcenter.uspto.gov

The electronic patent grant is the official patent grant under 35 U.S.C. 153. For more information, please visit
https://www.uspto.gov/electronicgrants
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.
17/327,946 10/03/2023 11777540 44837-0005003 9255
26171 7590 09/13/2023
FISH & RICHARDSON P.C. (DC)
P.O. BOX 1022

MINNEAPOLIS, MN 55440-1022

ISSUE NOTIFICATION

The projected patent number and issue date are specified above. The patent will issue electronically. The
electronically issued patent is the official patent grant pursuant to 35 U.S.C. § 153. The patent may be accessed
on or after the issue date through Patent Center at https://patentcenter.uspto.gov/. The patent will be available in
both the public and the private sides of Patent Center. Further assistance in electronically accessing the patent,
or about Patent Center, is available by calling the Patent Electronic Business Center at 1-888-217-9197.

The USPTO is implementing electronic patent issuance with a transition period, during which period the
USPTO will mail a ceremonial paper copy of the electronic patent grant to the correspondence address of
record. Additional copies of the patent (i.e., certified and presentation copies) may be ordered for a fee from the
USPTO’s Certified Copy Center at https://certifiedcopycenter.uspto.gov/index.html. The Certified Copy Center
may be reached at (800)972-6382.

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application filed on or after May 29, 2000)

The Patent Term Adjustment is 306 day(s). Any patent to issue from the above-identified application will include
an indication of the adjustment on the front page.

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
determines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Center (https:/
patentcenter.uspto.gov).

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office
of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should
be directed to the Application Assistance Unit (AAU) of the Office of Patents Stakeholder Experience (OPSE),
Stakeholder Support Division (SSD) at (571)-272-4200.

IR103 (Rev. 10/09)
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INVENTORC(S) (Please see PATENT CENTER site https:/patentcenter.uspto.gov for additional inventors):

Timothy James O'Shea, Arlington, VA;
James Shea, Arlington, VA;

APPLICANT(s) (Please see PATENT CENTER site https://patentcenter.uspto.gov for additional applicants):

DeepSig Inc., Arlington, VA;

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location
for business investment, innovation, and commercialization of new technologies. The USA offers tremendous
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation
works to encourage and facilitate business investment. To learn more about why the USA 1is the best country in
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov.

IR103 (Rev. 10/09)
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Attorney's Docket No.: 44837-0005003

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named Inventor : Timothy James Art Unit ; 2649
O'Shea Examiner ; Ankur Jain
Application No. o 17/327,946 Confirmation No. : 9255
Filed : May 24, 2021 Notice of Allowance Date: May 26, 2023
Title : MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION
SYSTEM
MAIL STOP ISSUE FEE
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450

REPLY TO NOTICE OF ALLOWANCE

In response to the Notice of Allowance dated May 26, 2023, enclosed is a completed Part
B - Fee(s) Transmittal.

The issue fee is being paid with this reply on the Electronic Filing System. Apply that
fee and any other necessary charges or credits to Deposit Account 06-1050, referencing the

above attorney docket number.

COMMENTS ON EXAMINER'S REASONS FOR ALLOWANCE

It is recognized that, in accordance with M.P E.P. § 1302.14, the Examiner’s reasons for
allowance need not set forth all of the details as to why the claims are allowed. In the above-
referenced application, it is not conceded that the Examiner’s stated reasons for allowance are
the only reasons for which the claims are allowable. The Examiner’s reasons for allowance
indicate that particular claim elements are not disclosed or suggested by the prior art of record,
yet the claims may be patentable for other reasons as well, including the inventive combination
of all of the recited claim elements. It is not conceded that the specific limitations identified by
the Examiner are necessary to distinguish the art of record or to satisfy the requirements of 35
U.S.C. § 112. Moreover, the Examiner does not assert, and it would not be conceded, that the
Examiner’s reasons have any bearing on the patentability of claims in any other applications

directed to the disclosed subject matter.
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First Named Inventor :  Timothy James O’Shea Attorney Docket No.: 44837-0005003
Application No. : 17/327,946

Filed : May 24, 2021

Page : 20f2

In addition, each dependent claim stands on its own and may be allowable on its own
merits. In particular, each dependent claim may be allowable on the basis of a combination of
some of the features recited in the dependent claim and its base claim(s), which combination of

features may not include all of the limitations identified in the Examiner’s reasons for allowance.

Respectfully submitted,

Date: August 25, 2023 /Avan Roy-Chowdhury/

Ayan Roy-Chowdhury, Reg. No. 72,483

Customer Number 26171

Fish & Richardson P.C.
Telephone: +1 (212) 641-2232
Facsimile: (877) 769-7945

41657450.doc

2
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PART B - FEE(S) TRANSMITTAL

Complete and send this form, together with applicable fee(s), by mail or fax, or via EFS-Web
By mail, send to: Mail Stop ISSUE FEE By fax, send to: (571) 273-2885
Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22314-1450
INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where appropriate. All
further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as indicated unless corrected
below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for maintenance fee notifications.

Because electronic patent issuance may occur shortly after issue fee payment, any desired continuing application should preferably be filed prior to payment of this
issue fee in order not to jeopardize copendency.

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address) Note: A certificate of mailing can only be used for domestic mailings of the
Fee(s) Transmittal. This certificate cannot be used for any other accompanying
26171 7590 05/26/2023 papers. Each additional papet, such as an assignment or formal drawing, must
have its own certificate of mailing or transmission.
FISH & RICHARDSON P.C. Certificate of Mailing or Transmission
P.O. BOX 1022 I hereby certify that this Fee(s) Transmittal is being deposited with the United
g States Postal Service with sufficient postage for first class mail in an envelope
MINNEAPOLIS, MN 55440-1022 addressed to the Mail Stop ISSUE FEE address above, or being transmitted to

the USPTO via EFS-Web or by facsimile to (571) 273-2885, on the date below.
(Typed or printed name)

(Signature)
(Date)
‘ APPLICATION NO. ‘ FILING DATE ‘ FIRST NAMED INVENTOR ‘ ATTORNEY DOCKET NO. ‘ CONFIRMATION NO. ‘
17/327,946 05/24/2021 Timothy James O'Shea 44837-0005003 9255
TITLE OF INVENTION: MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM
‘ APPLN. TYPE ‘ ENTITY STATUS ‘ ISSUE FEE DUE ‘ PUBLICATION FEE DUE ‘ PREV. PAID ISSUE FEE ‘ TOTAL FEE(S) DUE ‘ DATE DUE ‘
nonprovisional SMALL $480 $0 $0 $480 08/28/2023
‘ EXAMINER ‘ ART UNIT ‘ CLASS-SUBCLASS ‘
JAIN, ANKUR 2649 455-114300
1. Change of correspondence address or indication of "Fee 2. For printing on the patent front page, list

Address" (37 CFR 1.363).
(1) The names of up to 3 registered patent attorneys

[1] Change of correspondence address (or Change of or agents OR, alternatively, 1 Fish & Richardson P.C.
Correspondence Address form PTO/SB/122) attached. (2) The name of a single firm (having as a member

[ ] "Fee Address" indication (or "Fee Address" Indication a registered attorney or agent) and the names of 2
form PTO/SB/47; Rev 03-09 or more recent) upto?2 re‘g15‘tered patent attorneys or agents. It
attached. Use of a Customer Number is required. no name is listed, no name will be printed. 3

(5]

. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document must have been
previously recorded, or filed for recordation, as set forth in 37 CFR 3.11 and 37 CFR 3.81(a). Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY)
DeepSig Inc. Atrlington, VA
Please check the appropriate assignee category or categories (will not be printed on the patent): [ ]Individual  [X] Corporation or other private group entity [ ] Government
4a. Fees Submitted: [X] Issue Fee [ ]Publication Fee (if required)
4b. Method of Payment (Please first reapply any previously paid fee shown above):
[X] Electronic Payment via EFS-Web [ ]1Enclosedcheck [ ] Non-electronic payment by credit card (Attach form PTO-2038)
[X] The Director is hereby authorized to charge the required fee(s), any deficiency, or credit any overpayment, to Deposit Account No. 06-1050

5. Change of Entity Status (from status indicated above) NOTE: Absent a valid Certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issuc fee

) o ) ) payment in the micro entity amount will not be accepted at the risk of application abandonment.
[ 1Applicant certifying micro entity status. See 37 CFR 1.29

NOTE: If the application was previously under micro entity status, checking this box will be taken as

[ ] Applicant asserting small entity status. See 37 CFR 1.27. a notification of loss of entitlement to micro entity status.
NOTE: Checking this box will be taken as a notification of loss of entitlement to small or micro entity
[ ] Applicant changing to regular undiscounted fee status. status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signatute requirements and certifications.

Authorized Signature __/Avan Roy-Chowdhury/ Date 08/25/2023
Typed or printed name _ Ayan Roy-Chowdhury Registration No. 72,483
PTOL-85 Part B (08-18). Approved for use through 3/31/2023 OMB 0651-0033 U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
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Electronic Patent Application Fee Transmittal

Application Number: 17327946

Filing Date: 24-May-2021

Title of Invention: MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM
First Named Inventor/Applicant Name: Timothy James O'Shea

Filer: Ayan Roy-Chowdhury/Sharon Allen

Attorney Docket Number: 44837-0005003

Filed as Small Entity

Filing Fees for Utility under 35 USC 111(a)

Description Fee Code Quantity Amount Sull)j-s'l'g(tsa\)l in

Basic Filing:
Pages:
Claims:
Miscellaneous-Filing:
Petition:
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:

UTILITY APPL ISSUE FEE 2501 1 480 480
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Description

Fee Code

Quantity

Amount

Sub-Total in
UsD($)

Extension-of-Time:

Miscellaneous:

Total in USD ($)

480
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Electronic Acknowledgement Receipt

EFS ID: 48491087

Application Number: 17327946

International Application Number:

Confirmation Number: 9255
Title of Invention: MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM
First Named Inventor/Applicant Name: Timothy James O'Shea
Customer Number: 26171
Filer: Ayan Roy-Chowdhury/Sharon Allen
Filer Authorized By: Ayan Roy-Chowdhury
Attorney Docket Number: 44837-0005003
Receipt Date: 25-AUG-2023
Filing Date: 24-MAY-2021
Time Stamp: 10:39:24

Application Type:

Utility under 35 USC 111{(a)

Payment information:

Submitted with Payment yes

Payment Type DA

Payment was successfully received in RAM $480

RAM confirmation Number E202380A42497156
Deposit Account 061050
Authorized User Sharon Allen

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows:

37 CFR 1.21 {Miscellaneous fees and charges)




File Listing:

Document Document Description File Name File Size(Bytes)/ Multi Pages
Number P Message Digest | Part/.zip| (ifappl.)
243175
1 44837-0005003-IssueFee.pdf yes 3

016bc77678738d0978930f497a4437 1ce3b|
6fboa

Multipart Description/PDF files in .zip description

Document Description Start End
Post Allowance Communication - Incoming 1 2
Issue Fee Payment (PTO-85B) 3 3
Warnings:
Information:
38116
2 Fee Worksheet (SB06) fee-info.pdf no 2
229e0e84507d519b0fb5d40a%d 2035d3f
49dSa
Warnings:
Information:
Total Files Size (in bytes): 281291

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810}, a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

| EXAMINER |
26171 7590 05/26/2023
FISH & RICHARDSON P.C. (DC) JAIN, ANKUR
P.0. BOX 1022
MINNEAPOLIS, MN 55440-1022 | ART UNIT PAPER NUMBER |
2649
DATE MAILED: 05/26/2023
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.
17/327.946 05/24/2021 Timothy James O'Shea 44837-0005003 9255

TITLE OF INVENTION: MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE

nonprovisional SMALL $480 $0.00 $0.00 $480 08/28/2023

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE MAILING
DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS STATUTORY PERIOD
CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES NOT REFLECT A CREDIT
FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS PREVIOUSLY BEEN PAID IN
THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM WILL BE CONSIDERED A REQUEST
TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW DUE.

HOW TO REPLY TO THIS NOTICE:

I. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that
entity status still applies.

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above.

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled
"Change in Entity Status (from status indicated above)".

For purposes of this notice, small entity fees are 40% the amount of undiscounted fees, and micro entity fees are 20% the amount of
undiscounted fees.

II. PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b"
of Part B - Fee(s) Transmittal should be completed. If an equivalent of Part B is filed, a request to reapply a previously paid issue fee must be
clearly made, and delays in processing may occur due to the difficulty in recognizing the paper as an equivalent of Part B.

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to Mail
Stop ISSUE FEE unless advised to the contrary.

IMPORTANT REMINDER: Maintenance fees are due in utility patents issuing on applications filed on or after Dec. 12, 1980.
It is patentee's responsibility to ensure timely payment of maintenance fees when due. More information is available at
www.uspto.gov/PatentMaintenanceFees.

Page 1 of 3
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PART B - FEE(S) TRANSMITTAL
Complete and send this form, together with applicable fee(s), by mail or fax, or via EFS-Web.

By mail, send to: Mail Stop ISSUE FEE By fax, send to:  (571)-273-2885
Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where appropriate.
All further correspondence will be mailed to the current correspondence address as indicated unless corrected below or directed otherwise in Block 1, by (a) specifying a new
correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for maintenance fee notifications. Because electronic patent issuance may occur shortly after issue
fee payment, any desired continuing application should preferably be filed prior to payment of this issue fee in order not to jeopardize copendency.
Note: A certificate of mailing can only be used for domestic mailings of the
CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address) Fee(s) Transmittal. This certificate cannot be used for any other accompanying
papers. Each additional paper, such as an assignment or formal drawing, must
have its own certificate of mailing or transmission.

26171 7590 05/26/2023 Certificate of Mailing or Transmission

FISH & RICHARDSON P.C. (DC) I hereby certify that this Fee(s) Transmittal is being deposited with the United
P.O. BOX 1022 States Postal Service with sufficient postage for first class mail in an envelope
e addressed to the Mail Stop ISSUE FEE address above, or being transmitted to
MINNEAPOLIS, MN 55440-1022 the USPTO via EFS-Web or by facsimile to (571) 273-2885, on the date below.
(Typed or printed name)
(Signature)|
(Date)|
| APPLICATION NO. | FILING DATE | FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. | CONFIRMATION NO. |

17/327,946 05/24/2021 Timothy James O'Shea 44837-0005003 9255

TITLE OF INVENTION: MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM

| APPLN. TYPE | ENTITY STATUS | ISSUE FEE DUE | PUBLICATION FEE DUE | PREV. PAID ISSUE FEE | TOTAL FEE(S) DUE | DATE DUE |
nonprovisional SMALL $480 $0.00 $0.00 $480 08/28/2023
| EXAMINER | ART UNIT | CLASS-SUBCLASS |
JAIN, ANKUR 2649 455-114300
1. Change of correspondence address or indication of "Fee Address" (37 2. For printing on the patent front page, list
CFR 1.363). (1) The names of up to 3 registered patent attorneys
or agents OR, alternatively, 1

M| Change of correspondence address (or Change of Correspondence

Address form PTO/AIA/122 or PTO/SB/122) attached. (2) The name of a single firm (having as a member a

registered attorney or agent) and the names of up to 2
2 registered patent attorneys or agents. If no name is
listed, no name will be printed.

(] "Fee Address” indication (or "Fee Address" Indication form PTO/
AIA/A7 or PTO/SB/47; Rev 03-02 or more recent) attached. Use of a
Customer Number is required.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document must have been previously
recorded, or filed for recordation, as set forth in 37 CFR 3.11 and 37 CFR 3.81(a). Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY)

Please check the appropriate assignee category or categories (will not be printed on the patent) : (] Individuat [ Corporation or other private group entity (] Government

4a. Fees submitted: [Missue Fee [IPublication Fee (if required)
4b. Method of Payment: (Please first reapply any previously paid fee shown above)

(] Electronic Payment via Patent Center or EFS-Web (] Enclosed check (L] Non-electronic payment by credit card (Attach form PTO-2038)

(] The Director is hereby authorized to charge the required fee(s), any deficiency, or credit any overpayment to Deposit Account No.

5. Change in Entity Status (from status indicated above)
NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue

4 Applicant certifying micro entity status. See 37 CFR 1.29 fee payment in the micro entity amount will not be accepted at the risk of application abandonment.

NOTE: If the application was previously under micro entity status, checking this box will be taken

[ Applicant asserting small entity status. See 37 CFR 1.27 to be a notification of loss of entitlement to micro entity status.

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro

M| Applicant changing to regular undiscounted fee status. entity status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CFR 1.4 for signature requirements and certifications.

Authorized Signature Date

Typed or printed name Registration No.

Page 2 of 3
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

PTOL-85 (Rev. 02/11)

APPLICATION NO. | FILING DATE | FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. |  CONFIRMATION NO. |

17/327.946 05/24/2021 Timothy James O'Shea 44837-0005003 9255
| EXAMINER |

26171 7590 05/26/2023

FISH & RICHARDSON P.C. (DC) JAIN, ANKUR

P.O. BOX 1022

MINNEAPOLIS, MN 55440-1022 | ART UNIT PAPERNUMBER |

2649

DATE MAILED: 05/26/2023

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(Applications filed on or after May 29, 2000)

Page 3 of 3
Page 14 of 134

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance.

Section 1(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the requirement
that the Office provide a patent term adjustment determination with the notice of allowance. See Revisions to Patent
Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer providing an initial
patent term adjustment determination with the notice of allowance. The Office will continue to provide a patent term
adjustment determination with the Issue Notification Letter that is mailed to applicant approximately three weeks prior
to the issue date of the patent, and will include the patent term adjustment on the patent. Any request for reconsideration
of the patent term adjustment determination (or reinstatement of patent term adjustment) should follow the process
outlined in 37 CFR 1.705.

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571)-272-4200.



OMB Clearance and PRA Burden Statement for PTOL-85 Part B

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and Budget
approval before requesting most types of information from the public. When OMB approves an agency request to
collect information from the public, OMB (i) provides a valid OMB Control Number and expiration date for the
agency to display on the instrument that will be used to collect the information and (ii) requires the agency to inform
the public about the OMB Control Number’s legal significance in accordance with 5 CFR 1320.5(b).

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 30 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon
the individual case. Any comments on the amount of time you require to complete this form and/or suggestions
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Application/Control Number: 17/327,946 Page 2
Art Unit: 2649

Allowable Subject Matter

Claims 2-23 are allowed.

Closest references found:

("10075324" OR "10581469" OR"11018704" OR "20170257251" OR"6141390" OR
"7289773" OR "71372918" OR "9245072" OR "9397619" OR "9444412")

The following is an examiner's statement of reasons for allowance: The prior art

does NOT teach:

nonlinear pre-distortion machine learning model, wherein the nonlinear pre- distortion
machine learning modelincludes model parametersand at leastone nonlinear function to
correct radio signal distortion; generating a pre-distorted radio signal by processing the
transmit radio signal using the nonlinear pre-distortion machine learning model; processing the
pre-distorted radio signal, including adding at least one of distortion or interference tothe pre-
distortedradio signal, to obtain a received radiosignal; and updating the model parameters

based on a distance metric computed between the transmit signal and the received radio signal
Any comments considered necessary by applicant must be submitted no later

than the payment of the issue fee and, to avoid processing delays, should preferably

accompany the issue fee. Such submissions should be clearly labeled "Comments on

Statement of Reasons for Allowance.

Conclusion
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Application/Control Number: 17/327,946 Page 3
Art Unit: 2649

Any inquiry concerning this communication or earlier communications from the
examiner should be directed to ANKUR JAIN whose telephone number is (571)272-
9747. The examiner can normally be reached on Monday-Friday 10:00-6:00.

Information regarding the status of an application may be obtained from the
Patent Application Information Retrieval (PAIR) system. Status information for
published applications may be obtained from either Private PAIR or Public PAIR.
Status information for unpublished applications is available through Private PAIR only.

/ANKUR JAIN/
Primary Examiner, Art Unit 2649
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Filed : May 24, 2021 Conf No. : 9255

Title : MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION
SYSTEM

Mail Stop Amendment
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450

INTERVIEW SUMMARY

The undersigned representative thanks the Examiner for the courtesy of the telephone
interview held on May 22, 2023.

During the interview, the Examiner stated that the present application would be allowed
if a Terminal Disclaimer were filed over the parent patent, US 11,018,704. Applicant’s
representative indicated that this filing would be considered.

On May 23, 2023, an eTerminal Disclaimer was filed over US 11,018,704. An indication

of allowance for all claims is respectfully requested.

Respectfully submitted,

Date: 5/23/2023 /Alexander Berg/
Alexander Berg, Reg. No. 79,866

Customer Number 26171

Fish & Richardson P.C.
Telephone: +1 (212) 641-2232
Facsimile: (877) 769-7945
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Application Number 17327946
Filing Date 24-May-2021
First Named Inventor Timothy O'Shea
Attorney Docket Number 44837-0005003

Title of Invention

MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM

< Filing of terminal disclaimer does not obviate requirement for response under 37 CFR 1.111 to outstanding
Office Action

X] This electronic Terminal Disclaimer is not being used for a Joint Research Agreement.

Owner Percent Interest

DeepSig Inc. 100%

The owner(s) with percent interest listed above in the instant application hereby disclaims, except as provided below, the
terminal part of the statutory term of any patent granted on the instant application which would extend beyond the expiration
date of the full statutory term of prior patent number(s)

11018704

as the term of said prior patent is presently shortened by any terminal disclaimer. The owner hereby agrees that any patent so
granted on the instant application shall be enforceable only for and during such period that it and the prior patent are commonly
owned. This agreement runs with any patent granted on the instant application and is binding upon the grantee, its successors
or assigns.

In making the above disclaimer, the owner does not disclaim the terminal part of the term of any patent granted on the instant
application that would extend to the expiration date of the full statutory term of the prior patent, "as the term of said prior patent
is presently shortened by any terminal disclaimer,” in the event that said prior patent later:

- expires for failure to pay a maintenance fee;

- is held unenforceable;

- is found invalid by a court of competent jurisdiction;

- is statutorily disclaimed in whole or terminally disclaimed under 37 CFR 1.321;

- has all claims canceled by a reexamination certificate;

- is reissued; or

- is in any manner terminated prior to the expiration of its full statutory term as presently shortened by any terminal disclaimer.

@ Terminal disclaimer fee under 37 CFR 1.20(d) is included with Electronic Terminal Disclaimer request.
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| certify, in accordance with 37 CFR 1.4(d)(4), that the terminal disclaimer fee under 37 CFR 1.20(d)
required for this terminal disclaimer has already been paid in the above-identified application.

O

Applicant claims the following fee status:

(® Small Entity
(O Micro Entity

(O Regular Undiscounted

| hereby declare that all statements made herein of my own knowledge are true and that all statements made on information and
belief are believed to be true; and further that these statements were made with the knowledge that willful false statements and
the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code and
that such willful false statements may jeopardize the validity of the application or any patent issued thereon.

THIS PORTION MUST BE COMPLETED BY THE SIGNATORY OR SIGNATORIES

| certify, in accordance with 37 CFR 1.4(d)(4) that | am:

® An attorney or agent registered to practice before the Patent and Trademark Office who is of record in
this application

Registration Number 79866

(O Asoleinventor

O A joint inventor; | certify that | am authorized to sign this submission on behalf of all of the inventors as evidenced by the
power of attorney in the application

(O Ajointinventor; all of whom are signing this request

Signat
Ignature /Alexander Berg/

Name Alexander Berg

*Statement under 37 CFR 3.73(b) is required if terminal disclaimer is signed by the assignee (owner).
Form PTO/SB/96 may be used for making this certification. See MPEP § 324.
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Attorney's Docket No.: 44837-0005003

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named Inventor :

Application No.
Filed

Title

Commissioner for Patents

P.O. Box 1450

Timothy James O'Shea Art Unit . Unknown
17/327,946 Examiner : Unknown
May 24, 2021 Conf. No. : 9255

MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION
SYSTEM

Alexandria, VA 22313-1450

PRELIMINARY AMENDMENT

Prior to examination, please amend the application as indicated on the following pages.

Page 49 of 134



First Named Inventor :  Timothy James O’Shea Attorney Docket: 44837-0005003
Application No. : 17/327,946

Filed : May 24, 2021

Page : 20f7

Amendments to the Claims:

This listing of claims replaces all prior versions and listings of claims in the

application:

1. (Canceled)

2. (New) A method comprising:

obtaining, at a wireless device in a wireless communications system, a transmit radio
signal that is configured for transmitting to one or more radio receivers associated with the
wireless communications system,

accessing a nonlinear pre-distortion machine learning model associated with the wireless
device, wherein the nonlinear pre-distortion machine learning model includes model parameters
associated with values corresponding to one or more deployment scenarios in the wireless
communications system, and at least one nonlinear function to correct radio signal distortion;

generating a pre-distorted radio signal by processing the transmit radio signal using the
nonlinear pre-distortion machine learning model,

obtaining a transmit output radio signal by processing the pre-distorted radio signal
through a transmitting radio signal processing stage of the wireless device; and

transmitting the transmit output radio signal to the one or more radio receivers.

3. (New) The method of claim 2, wherein the model parameters in the nonlinear pre-
distortion machine learning model are loaded with values for a particular deployment scenario of
the one or more deployment scenarios, and

wherein generating the pre-distorted radio signal comprises generating the pre-distorted

radio signal for the particular deployment scenario.
4. (New) The method of claim 3, wherein the particular deployment scenario comprises one

of

sending a radio transmission from the wireless device that includes the nonlinear pre-
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distortion machine learning model inside a tower mounted amplifier in an inline mode;

sending a radio transmission from the wireless device that includes the nonlinear pre-
distortion machine learning model inside a tower mounted amplifier in a fault-tolerant
subtractive mode;

sending a radio transmission from the wireless device that includes the nonlinear pre-
distortion machine learning model inside a remote radio unit in an inline mode;

sending a radio transmission from the wireless device that includes the nonlinear pre-
distortion machine learning model inside a remote radio unit in a fault-tolerant subtractive mode;
or

sending a radio transmission to a system that includes interference cancellation.

5. (New) The method of claim 3, further comprising:

obtaining a received radio signal that corresponds to a representation of the transmit
output radio signal received at the one or more radio receivers;

determining a distance metric between the transmit radio signal and the received radio
signal; and

updating the values of the model parameters for the particular deployment scenario based

at least on the distance metric.

6. (New) The method of claim 5, wherein the distance metric is selected from one of’ a
mean squared error, an absolute error, or another quantitative measurement of an error value

computed between the transmit radio signal and the received radio signal.

7. (New) The method of claim 5, wherein updating the values of the model parameters
includes using optimizers based on Stochastic Gradient Descent that iteratively minimize the
distance metric based on an exact or approximate gradient of the distance metric with regard to

the model parameters.

8. (New) The method of claim 2, wherein the values associated with the model parameters
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are optimized to minimize distortion or interference of radio signals associated with the wireless

device in the wireless communications system.

0. (New) The method of claim 2, wherein the nonlinear pre-distortion machine learning
model is one of a deep neural network, a convolutional neural network, a recurrent neural

network, or a combination of different types of neural networks.

10.  (New) The method of claim 2, wherein the nonlinear pre-distortion machine learning
model is configured to reduce an effect of signal interference in the transmit output radio signal
or in a received radio signal corresponding to the transmit output radio signal that was

transmitted to the one or more radio receivers.

11.  (New) The method of claim 10, wherein the effect of signal interference comprises

passive intermodulation.

12.  (New) The method of claim 10, comprising:
obtaining data from a monitor antenna distinct from the one or more radio receivers, and
configuring the nonlinear pre-distortion machine learning model based on the data from

the monitor antenna.

13. (New) A method comprising:

obtaining a transmit radio signal;

accessing a nonlinear pre-distortion machine learning model, wherein the nonlinear pre-
distortion machine learning model includes model parameters and at least one nonlinear function
to correct radio signal distortion;

generating a pre-distorted radio signal by processing the transmit radio signal using the
nonlinear pre-distortion machine learning model,

processing the pre-distorted radio signal, including adding at least one of distortion or
interference to the pre-distorted radio signal, to obtain a received radio signal; and

updating the model parameters based on a distance metric computed between the transmit
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radio signal and the received radio signal.

14. (New) The method of claim 13, wherein processing the pre-distorted radio signal
comprises generating the received radio signal using a modeled source of distortion or

interference.

15. (New) The method of claim 13, wherein processing the pre-distorted radio signal
comprises:

obtaining a transmit output radio signal by processing the pre-distorted radio signal
through a transmitting radio signal processing system;

transmitting the transmit output radio signal to one or more radio receivers; and

obtaining the received radio signal from the one or more radio receivers, the received
radio signal corresponding to the transmit output radio signal that was transmitted to the one or

more radio receivers.

16. (New) The method of claim 15, wherein the transmit radio signal comprises a point-to-

point signal or a backhaul signal.

17. (New) The method of claim 13, wherein the nonlinear pre-distortion machine learning
model comprises a neural network, and wherein updating the model parameters is performed

using an autoencoder.

18.  (New) The method of claim 13, wherein the model parameters are updated with values
for a particular deployment scenario for a radio communication system upon initial deployment

of the nonlinear pre-distortion machine learning model into the radio communication system.

19. (New) The method of claim 18, wherein the model parameters are updated depending on

at least one environment condition within the radio communication system.

20.  (New) The method of claim 19, wherein the environment condition is one of:
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temperature, humidity, antenna impedance, power levels, or candidate transmit signal type.

21. (New) The method of claim 18, wherein the particular deployment scenario comprises
one of:

sending a radio transmission from a cellular base station that includes the nonlinear pre-
distortion machine learning model inside a tower mounted amplifier in an inline mode;

sending a radio transmission from a cellular base station that includes the nonlinear pre-
distortion machine learning model inside a tower mounted amplifier in a fault-tolerant
subtractive mode;

sending a radio transmission from a cellular base station that includes the nonlinear pre-
distortion machine learning model inside a remote radio unit in an inline mode;

sending a radio transmission from a cellular base station that includes the nonlinear pre-
distortion machine learning model inside a remote radio unit in a fault-tolerant subtractive mode;

sending a radio transmission to a mobile handheld device that includes the nonlinear pre-
distortion machine learning model, which obtains model parameter updates off a hardware chip
and provides pre-distorted signals on the hardware chip or off the hardware chip;

sending a radio transmission to a mobile handheld device that includes the nonlinear pre-
distortion machine learning model, which obtains model parameter updates on-chip and provides
pre-distorted signals on a hardware chip;

sending a radio transmission to a backhaul or satellite relay radio system and using
feedback from one or more amplifiers to determine model parameters of the nonlinear pre-
distortion machine learning model; or

sending radio transmission to a system that includes interference cancellation.

22, (New) The method of claim 13, wherein correcting radio signal distortion includes

correcting radio signal interference.

23. (New) The method of claim 13, wherein the model parameters are updated through a

management process to minimize the distance metric.
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REMARKS

Claim 1 has been canceled and new claims 2-23 have been added. No new matter has
been introduced.

The fees in the amount of $100 for excess claims are being paid concurrently herewith on
the Electronic Filing System (EFS) by way of Deposit Account authorization.

Applicant asks that all claims be examined in view of the amendments made herein.

Please apply any necessary charges or credits to Deposit Account 06-1050, referencing

attorney docket number.

Respectfully submitted,

Date: 06/02/2022 /Alexander Berg/

Alexander Berg
Reg. No. 79,866

Customer Number 26171

Fish & Richardson P.C.
Telephone: +1 (202) 626-6428
Facsimile: (877) 769-7945

41536550.doc
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The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
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technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.

page 4 of 4

Page 69 of 134



Attorney Docket No.: 44837-0005003

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

First Named Inventor :  Timothy James O'Shea Art Unit . Unknown

Application No. o 17/327,946 Examiner : Unknown

Filed : May 24, 2021 Conf No. : 9255

Title : MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION
SYSTEM

MAIL STOP MISSING PARTS
Commissioner for Patents

P.O. Box 1450

Alexandria, VA 22313-1450

REPLY TO NOTICE TO FILE MISSING PARTS OF APPLICATION

In response to the Notice to File Missing Parts of Application under 37 CFR §1.53(b)
dated June 2, 2021, applicant claims small entity status (see 37 CFR §1.27) and submits herewith
the following:

Payment of the basic filing fee of $80;

Payment of the search fee of $350;

Payment of the examination fee of $400; and

Payment of the surcharge of $80 for late filing of the basic filing fee.

The fees in the amount of $910 are being paid with this reply on the Electronic Filing
System. It is understood that this perfects the application and no additional papers or filing fees
are required.

Please apply any necessary charges or credits to Deposit Account 06-1050, referencing

the above attorney docket number.
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Payment information:

Submitted with Payment yes

Payment Type DA

Payment was successfully received in RAM $910

RAM confirmation Number E202182A18583916
Deposit Account 061050
Authorized User Sharon Allen
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File Listing:

Document . . . File Size(Bytes)/ Multi Pages
Document Description File Name . . .
Number Message Digest | Part/.zip| (ifappl.)
77745
1 Applicant Response to Pre-Exam 44837-0005003-Missing.pdf no 1
Formalities Notice
d4d99bdb555306d16dcd1a4 1cdebed2d17|
50f2bd
Warnings:
Information:
46667
2 Fee Worksheet (SB06) fee-info.pdf no 2
c43cd493e9ae0f221936b4feScaf46c4fd 3a4)]
Warnings:
Information:
Total Files Size (in bytes): 124412

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office

If a new international application is being filed and the international application includes the necessary components for
an international filing date (see PCT Article 11 and MPEP 1810}, a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office

Address: COMMISSIONER FOR PATENTS
PO. Box 1450

Alexandria, Virginia 22313-1450
WWW.uspto.gov

APPLICATION FILING or GRP ART
NUMBER 371(c) DATE UNIT FIL FEE RECD ATTY.DOCKET.NO TOT CLAIMS|IND CLAIMS
17/327,946 05/24/2021 0.00 44837-0005003 1 1
CONFIRMATION NO. 9255
26171 FILING RECEIPT

b0 Box 1005 (9 00 O

MINNEAPOLIS, MN 55440-1022
Date Mailed: 06/02/2021

Receipt is acknowledged of this non-provisional utility patent application. The application will be taken up for
examination in due course. Applicant will be notified as to the results of the examination. Any correspondence
concerning the application must include the following identification information: the U.S. APPLICATION NUMBER,
FILING DATE, NAME OF FIRST INVENTOR, and TITLE OF INVENTION. Fees transmitted by check or draft are
subject to collection.

Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please
submit a written request for a corrected Filing Receipt, including a properly marked-up ADS showing the changes
with strike-through for deletions and underlining for additions. If you received a "Notice to File Missing Parts" or
other Notice requiring a response for this application, please submit any request for correction to this Filing Receipt
with your reply to the Notice. When the USPTO processes the reply to the Notice, the USPTO will generate another
Filing Receipt incorporating the requested corrections provided that the request is grantable.

Inventor(s)
Timothy James O'Shea, Arlington, VA;
James Shea, Arlington, VA;
Applicant(s)
DeepSig Inc., Arlington, VA;

Power of Attorney: The patent practitioners associated with Customer Number 26171

Domestic Priority data as claimed by applicant
This application is a CON of 16/806,247 03/02/2020 PAT 11018704
which is a CON of 15/955,485 04/17/2018 PAT 10581469
which claims benefit of 62/486,200 04/17/2017

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permission to Access Application via Priority Document Exchange: Yes

Permission to Access Search Results: Yes
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Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 05/28/2021

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 17/327,946

Projected Publication Date: Request for Non-Publication Acknowledged
Non-Publication Request: Yes

Early Publication Request: No
** SMALL ENTITY **
Title

MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM

Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No
PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,

this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
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countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
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technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE | FIRST NAMED APPLICANT | ATTY. DOCKET NO./TITLE |
17/327,946 05/24/2021 Timothy James O'Shea 44837-0005003
CONFIRMATION NO. 9255
26171 FORMALITIES LETTER
FISH & RICHARDSON P.C. (DC)
P.O. BOX 1022

MINNEAPOLIS, MN 55440-1022

0000

W

Date Mailed: 06/02/2021

NOTICE TO FILE MISSING PARTS OF NONPROVISIONAL APPLICATION

FILED UNDER 37 CFR 1.53(b)
Filing Date Granted

ltems Required To Avoid Abandonment:

An application number and filing date have been accorded to this application. The item(s) indicated below,
however, are missing. Applicant is given TWO MONTHS from the date of this Notice within which to file all
required items below to avoid abandonment. Extensions of time may be obtained by filing a petition accompanied

by the extension fee under the provisions of 37 CFR 1.136(a).

+ The statutory basic filing fee is missing.
+ The application search fee must be submitted.

+ The application examination fee must be submitted.
+ Surcharge as set forth in 37 CFR 1.16(f) must be submitted.

The surcharge is due for any one of:

« late submission of the basic filing fee, search fee, or examination fee,
+ late submission of inventor's oath or declaration,
« filing an application that does not contain at least one claim on filing, or

+ submission of an application filed by reference to a previously filed application.

SUMMARY OF FEES DUE:

The fee(s) required within TWO MONTHS from the date of this Notice to avoid abandonment is/are itemized

below. Small entity discount is in effect. If applicant is qualified for micro entity status, an acceptable Certification
of Micro Entity Status must be submitted to establish micro entity status. (See 37 CFR 1.29 and forms

PTO/SB/15A and 15B.)
+ $ 80 basic filing fee.
+ $ 80 surcharge.
+ $ 350 search fee.
+ $ 400 examination fee.
« $( 0) previous unapplied payment amount.
+$910 TOTAL FEE BALANCE DUE.
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Replies must be received in the USPTO within the set time period or must include a proper Certificate of Mailing
or Transmission under 37 CFR 1.8 with a mailing or transmission date within the set time period. For more
information and a suggested format, see Form PTO/SB/92 and MPEP 512.

Replies should be mailed to:

Mail Stop Missing Parts
Commissioner for Patents
P.O. Box 1450

Alexandria VA 22313-1450

Registered users of EFS-Web may alternatively submit their reply to this notice via EFS-Web, including a copy
of this Notice and selecting the document description "Applicant response to Pre-Exam Formalities Notice".
https:/sportal.uspto.gov/authenticate/AuthenticateUserLocalEPF.html

For more information about EFS-Web please call the USPTO Electronic Business Center at 1-866-217-9197 or
visit our website at http.//www.uspto.gov/ebc.

If you are not using EFS-Web to submit your reply, you must include a copy of this notice.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/mgabre/
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\

TRANSMITTAL FOR POWER OF ATTORNEY TO ONE OR MORE

REGISTERED PRACTITIONERS

]

Application Number

TBD

Filing Date

Herewith

First Named Inventor

Timothy James O'Shea

Title

MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION
SYSTEM

Art Unit

Examiner Name

Attorney Docket Number

44837-0005003

SIGNATURE of Applicant or Patent Practitioner

Signature /Ayan Roy-Chowdhury/ Date (Optional)

Name

Registration

Ayan Roy-Chowdhury Number 72,483

Title (if Applicant is a
juristic entity)

Applicant Name (if Applicant is a juristic entity)

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications. If
more than one applicant, use multiple forms.

D *Total of forms are submitted.

41524701.doc
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'POWER OF ATTORNEY BY APPLICANT

i hereby revoks all previous"mwers of altorney given in the application identifled in either the attached transmittal fetter or
the boxes below,

Application Number | ; Fiiingwaate

{Note: The boxas above may be left blank if information is provided on the Transmittal.}

E | hereby appoint the Patent Practitioner(s) associated with the following Customer Number as mylour altorney{(s) or agent(s}, and
in transact all business in the United Siates Patent and Trademark Office connactad therewith for the application refarenced in
the attached transmittal lefler, which may ke an application filed after the date of this power of attorney, or identified above:

28171
OR

1§ Phereby appoint Practitioner{s) named in the attached list as myfour attorney(s) or agent(s), and to transact all business in the
United States Patent and Trademark Office connected therawith for the patent spplication referenced in the attached transmitial
!etxer which may be an applicati on f:ed after the date of this power of atmrmy, or identified above.

Pleass racagnﬁze or change the wrrespmdence address for the application identified in the attached iransmittai
fatter to:

?& The address associated with the above-mentionad Customer Number
or

: The address associated with Customer Number: 28471
OR

Firn or
individual Name

Addrass

City ! State Zip |

bsuntry

Telephone . [ Email - E ‘

| am the Applicantdf the Applicant is a juristic rtity, list the dpnh sant name in thed BONy:
[ DespSig Inc.

j Inventor or Joint inventor (title not required below)

1_] Legal Represeniative of a Deceased or Legally Incapacitated Inventor {title not reguired below)
[}é] Assignee or Person to Whom the Inventor is Under an Qbligation to Assign {provide signer's title if applicant is a juristic entity}

D Ferson Who Ctherwise Shows Sufficient Proprietary Interest {e.g., 3 petition under 37 CFR 1.48(b){2) was granfed in the
application or is concurrently being filed with this document) (n*ovsde signar's title if appll mfrt a-, & juristic entity)

SIGNATURE of Appitcam for Patent

T"‘& undersigned {(whose tit:, is Su nphed bejow) is authorized to act on behalf of the applicant (2.g wwere the apcisc;ar* is & juristic entst\,)
Slmature f : ‘ Pl L(‘pzii‘s‘kzﬁ :0:4'2916

_MName Fimotw James O Shea
Title 10, DeepSm Inc

ad by the ap.;hcnnt in accordance with 37 CFR 1.33. See 37 CFR .4 for signature regiirements and
a8, use multiple forms,

NOTE: Signature = This form must be
wartifications, if moere than one apatic

- e St s
i1 *Toiglof forms are submiited.

41332717.doc
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PTO/SB/35 (07-09)
Approved for use through 07/31/2012. OMB 0651-0031
U.S. Patent and Trademark Office; U. S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

/ First Named Inventor James Shea \
NONPUBLICATION REQUEST
UNDER Title MACHINE LEARNING-BASED NONLINEAR PRE-
35 USC 122(b)(2)(B)(|) DISTORTION SYSTEM
\ Attorney Docket Number 44837-0005003 j

| hereby certify that the invention disclosed in the attached application has not and will not be
the subject of an application filed in another country, or under a multilateral international
agreement, that requires publication at eighteen months after filing.

| hereby request that the attached application not be published under 35 U.S.C. 122(b).

/Ayan Roy-Chowdhury/ May 24, 2021
Signature Date
Ayan Roy-Chowdhury 72,483
Typed or printed name Registration Number, if applicable

+1 (202) 626-6428

Telephone Number

This request must be signed in compliance with 37 CFR 1.33(b) and submitted with the
application upon filing.

Applicant may rescind this nonpublication request at any time. If applicant rescinds a request
that an application not be published under 35 U.S.C. 122(b), the application will be scheduled
for publication at eighteen months from the earliest claimed filing date for which a benefit is
claimed.

If applicant subsequently files an application directed to the invention disclosed in the attached
application in another country, or under a multilateral international agreement, that requires
publication of applications eighteen months after filing, the applicant must notify the United
States Patent and Trademark Office of such filing within forty-five (45) days after the date of
the filing of such foreign or international application. Failure to do so will result in
abandonment of this application (35 U.S.C. 122(b)(2)(B)(iii)).

This collection of information is required by 37 CFR 1.213(a). The information is required to obtain or retain a benefit by the public which is to file (and by the
USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 6 minutes to
complete, including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any
comments on the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer,
U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED
FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PTO-9199 (1-800-786-9199) and select option 2.

American LegalN
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Attorney Docket No,. 44837-0005001
PTCIAIAGE (0612}

Appraved fur use through 11/31/4014, OMB $851-0032
A8, Patent and Trademark Office; LLS, DEPARTM f COMMERCE
Under the Paperwork Reductizn act of 1995, no pereons are required 1o respond 1o & colfactiun of information untess 3 diselays 8 vakid DOMB sonirel number,

/" DECLARATION {37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76) ;

Title of | | EARNING BASED RADIO AMPLIFIER NON-LINEARITY PRE-DISTORTION SYSTEM

invention

As the balow named inventor, | hereby declare that

This declaration | ] The atiached application, or
L is directed to!
X} United States application or PCT international application number  15/855 485

filed on _April 17, 2018

The above-identified application was made or authorized to be made by me.

{ belizve that | am the original invenior or an original isint inverior of a claimed invention in the application.

{ hereby acknowledge that any willful faise statement made in this declaration is punishable under 18 U.8.C. 1001
by fine or imprisonment of not more than five {8} years, or both.

WARNING:

{ «f”ar/amiicam ts cautioned o aw«is‘ aubm‘tt'v‘g peraonai ’n‘ﬁmmmr\ i it

t:(s Ev m’:v
d-\cqman{a SUb :ri :f:‘
3 5 1\\:.!1“1 lb Defore submi

mm F*' **0
0 PErSER \ai,
h{mi&‘ sonsitarras 9 such pRs
, (& advised that the reont 6F 4
s § ranpbiication mauasting coepliangs:
i e retong f: (m \3;: et}aﬁéane :sp

v\ :3‘

miaﬂe o e pumsgif e
5 ﬁfnesi\q and rwir*
Py sy thenatf

N

4] ‘“ sshw am:» o

LEGAL NAME OF INVENTOR

«w*hy Jarnes OQ'Shea ) Date (Optionat) .

inventorn

Sigrizture; N% } W

gt {PYOASRM4 or aguivalent), including naming the entire inventive entity, must accompany this form

 Note: An spglication data she
fad, Lse an additional PTO/AINGY form foy gach additionst imventor,

 or mist hava baen previously

Tnig coliection of information s required by 35 US.C. 145 and 87 CFR 1.8 Tk‘e information i required to ohitain o refain 8 banefit by the pu bl which is te file {and
wy the USPTO (o process) an application, Confidantizilly is governerd by .:5 LL.5.C. 122 and 37 OFR 1,11 and 1.14. Tris colectinn is eatimated o take 1 minue fo
compiete, inciuding gamnr'ng, preparing, and submiting the compieted app!Gcatim forrm to the USPTO. Time wit vary depending upon the individual sase, Any
comments an the smount of ime yaa raguire 1o complate this form andfor suggestions for reducing this burden, should pa sent te tha Chisf Information Gfficer, UB,
Patent and Trademark Office, 1.8, Department of Commercs, PO, Box 1450, Alavandria, VA 23313-1450, DO NOT SEND FELS OR COMPLETED FORMS 7O
THIS ADDRESS, SEND TO: Commissioner for Patents, P.0, Box 1480, Alexandriz, VA 22313-1450,

if you needd assistence in compleling the form, call 1-BO0-PTO-8193 and selact option 2,
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Attorney Docket No.: 44837-0005001
POMAIAQRT {5612}
Approved for use through G1A1/2014, OMB 08510032
Trademark Office; U8, DEPARTMENT GF COMMERCE
formation untess it displays & valid QMB conirol number,

LS. Patent snd
Unaar ihe Pepenvork Raduction Act of 1938, no persons are ragulred 10 ressond o & collection of

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

Ejfj:ﬂ‘ﬁm LEARNING BASED RADIO AMPLIFIER NON-LINEARITY PRE-DISTORTION SYSTEM

As the below named inventor, | hereby declare that

L This declaration | ] The attached apptication, or
i directad o

(911
o
(o]

X 1 United States application or PCT international application number ] 5/855 488

I
H
L

filedon  Apri 17, 2018

The above-identified application was made or authorized to be made by me,

| believe that | am the original inventor or an original joint inventor of a claimed invention in the application,

b
pary

) hereby acknowledge that any wiliful faise statement made in this declaration is punishable under 18 U.S.C. 10
by fine or imprisonment of not more than five (3) years, or both,

WARNING:

Petitioner/appiicant is cautioned o avoid submitting personal information in documents filed in a patent application that may
contribute to idemity theft, Personai Enfo'mation such as social qecuriiy numbers, bank account numbers, or credit card numbers
r:t.*‘&r't“ : § 2088 aubmitted for payment purposes) is never required by the USPTO}

tos formation is included in documents submitted to the USFTQ, 1

Guch pma\s nat information from the documents before submitting them o the

e reoged.of ¢ patent application is available to the public after pubﬁuat'on of the

‘s w»\t m covnpianss w zh 37 CFR 1.213{a) is made in the application) or issuance of 8

i vimay also be available to the public if the application is
3? CFR 1 4" Cherks and cradit card authorization forms
n file and therefore are not publicly avaiiable.

i'equwwﬁ 9 i
FTER2035 Aubmited

fng }.\a‘”‘f‘s&ﬂi f‘,,r

LEGAL NAME OF INVENTOR

nvenior, . James Shea Date (Optional) *
ST F SR s T i re e R T R
Note: An application d ? &* {(FTOEBM or equivalent), including naming the entire inventive entity, must accompany this form

ar musi have been wrevmbsiy fled, Use an additisnal PTO/AIAGT form for each additional inventor.

Thiz collaction of information iz required by 38 US.C. 115 and 37 CFR 1. E The information is required 1o abtain of retain 3 benedit by the public which {s to s {and

by the USIPTO to provess) an application. Confidentiality is governad by 38 U (12 and 37 OFR 1,11 and .14, This caliection is esiimaiad to taka 1 minwe tc

complete, insluding gatherng, prepadng, snd submitting the completed application furm to the USPTO. Tims wiil vary depending upon the individus! case, Any

corarents on the amount of ima : yon : raquite 10 complete this form andfor suggsstions for reducing this burden, should be sent to the Thief Information Officer U8,

Patent and Trademark Office, U.B, Dapartment of Commare, 2.0, Box 1450, Alexandria, VA 223131480, DO NOT SEND FEES OR COMPLETED FORMS .C
THIS ADDRESS. SEND TO: Commissioner for Patents, P.0. Box 1450, Alexandria, VA 22313-1480.

If you need sasistance in corrpleling e form, oail 1-800-FT0-3189 and seisct colion 2.

A1
A1ITTRGS e
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PTO/AIA/4 (11-15)
Approved for use through 04/30/2017. OMB 0651-0032
U.S. Patent and Trademark Cffice; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid CMB control number.

Attorney Docket Number | 44837-0005003

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form contains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.
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MACHINE LEARNING-BASED NONLINEAR PRE-DISTORTION SYSTEM

CROSS-REFERENCE TO RELATED APPLICATION
This application is a continuation of U.S. Application Serial No. 16/806,247, filed
March 20, 2020, now allowed, which is a continuation of U.S. Application Serial No.
15/955,485, filed April 17, 2018, issued as U.S. Patent No. 10,581,469, which claims priority
to U.S. provisional application no. 62/486,200, filed on April 17, 2017. The disclosure of
these prior applications are considered part of and are incorporated by reference in the

disclosure of this application.

TECHNICAL FIELD
This specification relates to integrating nonlinear pre-distortion machine learning into

radio communication systems to correct for radio signal distortion and interference.

BACKGROUND

Radio communication systems include transmitting radio signal processing systems
and receiving systems as well as various sources, e.g., amplifiers, which distort or interfere
with radio signals being communicated by the transmitters to the receivers. This distortion or
interference can alter, modify, or disrupt signal waveforms between transmission and
reception.

A machine learning model receives input and generates output based on its received
input and on values of model parameters.

Neural networks are machine learning models that employ one or more layers of
nonlinear units to predict an output for a received input. Some neural networks include one
or more hidden layers in addition to an output layer. The output of each hidden layer is used
as input to other layers in the network, e.g.., the next hidden layer or the output layer. Each
layer of the network generates an output from a received input in accordance with current
values of a respective set of parameters. These neural networks can be trained to generate

predicted output.
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SUMMARY

This specification describes technologies for machine learning systems in general,
and specifically to systems and methods for pre-distorting radio signals of radio
communication systems using a nonlinear pre-distortion machine learning model.

In general, one innovative aspect of the subject matter described in this specification
can be embodied in methods that include the actions of correcting distortion or interference
of radio signals. Other embodiments of this aspect include corresponding computer systems,
apparatus, and computer programs recorded on one or more computer storage devices, each
configured to perform the actions of the methods. For a system of one or more processors to
be configured to perform particular operations or actions means that the system has installed
on it software, firmware, hardware, or a combination of them that in operation cause the
system to perform the operations or actions. For one or more computer programs to be
configured to perform particular operations or actions means that the one or more programs
include instructions that, when executed by data processing apparatus, cause the apparatus to
perform the operations or actions

The foregoing and other embodiments can each optionally include one or more of the
following features, alone or in combination. In particular, one embodiment includes all the
following features in combination.

A transmit radio signal that corresponds to an output of a transmitting radio signal
processing system is obtained. A pre-distorted radio signal is generated by processing the
transmit radio signal using a nonlinear pre-distortion machine learning model. The nonlinear
pre-distortion machine learning model includes model parameters and at least one nonlinear
function to correct radio signal distortion and/or interference. A transmit output radio signal
is obtained by processing the pre-distorted radio signal through the transmitting radio signal
processing system. The transmit output radio signal is then transmitted to one or more radio
receivers.

In some implementations, the model parameters are updated with values for a
particular deployment scenario for a radio communication system upon initial deployment of

the nonlinear pre-distortion machine learning model into the radio communication system.
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In some implementations, a signal may be received from one or more radio receivers
corresponding to the transmit output radio signal that was transmitted to the one or more
radio receivers.

In some implementations, the model parameters are updated based on a distance
metric computed between the transmit radio signal corresponding to output of a transmitting
radio signal processing system and the received signal of the one or more radio receivers.
The model parameters can additionally or alternatively be updated through a management
process to minimize a distance metric or depending on at least one environment condition
within the radio communication system.

An environment condition may be: temperature, humidity, antenna impedance, power
levels, or candidate transmit signal type.

The particular deployment scenarios may be one or: sending a radio transmission
from a cellular base station that includes the nonlinear pre-distortion machine learning model
inside a tower mounted amplifier in an inline mode; sending a radio transmission from a
cellular base station that includes the nonlinear pre-distortion machine learning model inside
a tower mounted amplifier in a fault-tolerant subtractive mode; sending a radio transmission
from a cellular base station that includes the nonlinear pre-distortion machine learning model
inside a remote radio unit in an inline mode; sending a radio transmission from a cellular
base station that includes the nonlinear pre-distortion machine learning model inside a remote
radio unit in a fault-tolerant subtractive mode; sending a radio transmission to a mobile
handheld device that includes the nonlinear pre-distortion machine learning model, which
obtains model parameter updates off a hardware chip and provides pre-distorted signals on
the hardware chip or off the hardware chip; sending a radio transmission to a mobile
handheld device that includes the nonlinear pre-distortion machine learning model, which
obtains model parameter updates on-chip and provides pre-distorted signals on a hardware
chip; sending a radio transmission to a backhaul or satellite relay radio system and using
feedback from one or more amplifiers to determine model parameters of the nonlinear pre-
distortion machine learning model; or sending radio transmission to a system that includes
interference cancellation.

Correcting distortion of radio signals may include correcting interference of radio

signals.
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In some implementations, in order to train a nonlinear pre-distortion model to correct
distortion of radio signals, a candidate transmit radio signal corresponding to output of a
transmitting radio signal processing system may be obtained. The candidate transmit radio
signal is processed using a nonlinear pre-distortion machine learning model that executes
using a set of model parameters to generate a pre-distorted candidate transmit radio signal.
The nonlinear pre-distortion machine learning model includes at least one nonlinear function
to correct one or more of radio signal distortion or interference. A received radio signal
corresponding to input of a radio receiver is obtained by processing the pre-distorted
candidate transmit radio signal using one or more sources of distortion or interference. A
distance metric is computed between the candidate transmit radio signal and the received
radio signal. Updated values for the set of model parameters of the nonlinear pre-distortion
machine learning model are determined that minimize the distance metric computed between
the candidate transmit radio signal and the received radio signal to correct for one or more
sources of alteration of the candidate transmit radio signal in the transmitting radio signal
processing system. The values of the set of model parameters of the nonlinear pre-distortion
machine learning model are updated in order to train the nonlinear pre-distortion machine
learning model.

The model parameters are initially either randomly chosen or are seeded from a
random distribution. The model parameters can be optimized through a model optimization
process to minimize radio signal distortion or interference.

In some implementations, the distance metric is selected from one of: a mean squared
error, absolute error, or computed between the candidate transmit radio signal and the
received radio signal to form a quantitative measurement of an error value. A type of model
chosen for the nonlinear pre-distortion machine learning model may be updated in addition to
updating the values of the set of model parameters of the nonlinear pre-distortion machine
learning model using the model optimization process.

In some implementations, the initial values for the model parameters are computed
using a distance metric in a pre-deployment environment for a specific device or type of
device. The candidate transmit radio signal may meet a desired use case for a particular

deployment scenario.
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The distance metric between the candidate transmit radio signal and the received
radio signal may minimize cross-entropy towards a non-distorted target of a secondary
trained classifier network trained to classify loss between a distorted and a non-distorted
signal. The received radio signal may be received after a wireless transmission from an
antenna, or after a relay system receivers, amplifiers, and retransmits the pre-distorted
candidate transmit radio signal.

The nonlinear pre-distortion machine learning model may be a deep neural network, a
convolutional neural network, a convolutional neural network, a recurrent neural network, or
a combination of different types of neural networks.

Determining updated values for the model parameters may include using Stochastic
Gradient Descent style optimizers that iteratively minimize the distance metric based on an
exact or approximate gradient of the distance metric with regard to the model parameters.

Another implementation comprising one or more processors and one or more storage
devices storing instructions that are operable, when executed the on one or more processors,
to cause the one or more processors to perform any of the above implementations.

Still another implementation may be one or more non-transitory computer-readable
storage mediums comprising instructions stored thereon that are executable by a processing
device and upon such execution cause the processing device to perform any of the above
implementations.

The subject matter described in this specification can be implemented in particular
embodiments so as to realize one or more of the following advantages.

In conventional radio communication systems, in order to obtain acceptable linear
modulation performance or minimally distorted or interference-free output, amplifiers are
carefully designed for linearity and operated at non-maximal output powers (e.g., before
severe compression), limiting the amplifiers efficiency for fidelity and leading to expensive
design and parts. Operating amplifiers at non-maximal output in more linear regions can
significantly increase cost and power consumption.

A radio communication system with an integrated nonlinear pre-distortion machine
learning model as disclosed herein can minimize interference and distortion while operating
amplifiers at maximal or near maximal output power levels. The system has a greater

capacity for removing interference and correcting distortion than traditional systems and
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achieves greater linearity. Further, the system can accurately correct for distortion and
interference due to non-linear effects within the system. The system can also model and
suppress interference occurring over large time delays and large bandwidths of input signals.
The system is also able to be realized in a computationally efficient form requiring smaller
data types and more concurrent operations at lower clock speeds which lead to reduced
power consumption and computational requirements when compared with existing digital
pre-distortion methods (e.g. polynomial models or otherwise).

The details of one or more embodiments of the subject matter of this specification are
set forth in the accompanying drawings and the description below. Other features, aspects,
and advantages of the subject matter will become apparent from the description, the

drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an overall system diagram that shows an example radio communication
system with an integrated nonlinear pre-distortion system operation for correcting radio
signal distortions and interferences.

FIG. 2 illustrates an example flow diagram of an example process for correcting radio
signal distortions and interferences within a radio communication system.

FIG. 3 illustrates the functionality of an example nonlinear pre-distortion machine
learning model.

FIG. 4 illustrates a flow diagram of an example process for training a nonlinear pre-
distortion machine learning model to determine pre-distorted radio signals that correct
distortions and interferences of a radio communication system.

FIG. 5A illustrates an example configuration of a nonlinear pre-distortion system for
model training.

FIG. 5B illustrates an example configuration of a nonlinear pre-distortion system for
online model tuning.

FIG. 6A illustrates an example configuration for in-line mode within a tower-
mounted amplifier.

FIG. 6B illustrates an example configuration for fault-tolerant subtractive mode

within the tower-mounted amplifier.
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FIG. 7A illustrates an example configuration for in-line mode within a remote radio
unit.

FIG. 7B illustrates an example configuration for fault-tolerant subtractive mode
within the remote radio unit.

FIG. 8 illustrates an example configuration for a satellite relay system.

FIG. 9 illustrates an example configuration for a system that includes interference
cancellation.

Like reference numbers and designations in the various drawings indicate like

elements.

DETAILED DESCRIPTION

This specification generally describes a radio communication system, integrated with
a nonlinear pre-distortion machine learning model to correct for radio signal distortions and
interferences.

For example, a machine learning model may be trained to predict a pre-distorted radio
signal for a given transmit radio signal that minimizes a distance metric between the transmit
radio signal that is transmitted from a transmit radio processing system and a received radio
signal that is received by a receiver.

FIG. 1 illustrates an example radio communication system 100 with an integrated
nonlinear pre-distortion system for correcting radio signal distortions and interferences.
Within the radio communication system 100, a transmitting radio signal processing system
101 transmits radio signals to a receiver 109. In the transmission process, one or more
components, e.g., an amplifier 108, of the radio communication system 100 may distort or
interfere with the radio signals to be transmitted to a receiver 109. The radio communication
system 100 may have multiple sources of distortion and/or interference.

For example, the radio communication system 100 may include at least one radio
frequency (RF) power amplifier 106 that amplifies radio signals but also distorts signal
waveforms. As illustrated, the amplifier 106 is separate from the transmitting radio signal
processing system 101. However, in some implementations the amplifier can be tightly
integrated (e.g., within a handset) or loosely coupled (e.g., a tower mounted amplifier) within

the transmitting radio signal processing system 101.
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Signal interference may occur when the radio communication system 100
experiences large time delays or transmits large bandwidths of data streams that include the
radio signals. Other sources of distortion or interference include reflectors; bad connectors;
imperfections in the digital to analog conversion process; unintended coupling, impedance
mismatch or emissions for other electronics; unintended tones, intermodulation products or
sidelobes; responses from other analog electronic components such as filters, power supplies,
matching networks, junctions, attenuators, and mixers. The radio communication system 100
uses a nonlinear pre-distortion system 103 to correct the radio signal distortion and
interference prior to the radio signals being transmitted to the receiver 109.

As shown in FIG.1, the nonlinear pre-distortion system 103 uses a nonlinear pre-
distortion machine learning model 102 to determine pre-distorted radio signals that minimize
a distance between the radio signals that the transmitting radio signal processing system 107
transmits and radio signals the receiver receives 108. The machine learning model 102 takes
a transmit radio signal 104 as input and generates a pre-distorted signal 105 as output. The
machine learning model 102 is described in more detail below with respect to FIG. 3.

The nonlinear pre-distortion system 103 of FIG. 1 includes both a non-linear pre-
distortion machine learning model 102 and a machine learning model training process 113.
The machine learning model training process 113 trains the machine learning model to
minimize a distance between the transmitted radio signals and the received signals.

In some implementations, only the nonlinear pre-distortion machine learning model
102 is deployed within the radio communication system 100. In this implementation, the
machine learning model 102 is trained on one or more of real and simulated data prior to
deployment.

In other implementations, the nonlinear pre-distortion system 103 is deployed in the
radio signal communication system in order for the nonlinear pre-distortion system 103 to
perform online tuning and continue to train and update model parameters during real time
execution. In this implementation, the machine learning model training process 113 receives
the received signal 111, which includes both the pre-distortion and the distortion effects,
from the receiver to determine real time online tuning and model parameter updates. This
process can continue to compensate for changes in the response of a specific amplifier device

over its lifetime and through changes in environmental conditions or signal loading

8

Page 107 of 134



Attorney Docket No. 44837-0005003

conditions. The machine learning training process 113 is described in more detail below,
with respect to FIG. 4.

FIG. 2 illustrates a flow diagram of an example process for correcting radio signal
distortions and interferences within a radio communication system. The process 200 can be
performed by a system of one or more computing devices, located in one or more locations,
and programmed appropriately in accordance with this specification. For example, the radio
communication system 100 of FIG. 1, appropriately programmed, can perform process 200.

As illustrated in FIG. 2, to correct radio signal distortion and interference, the system
obtains a transmit radio signal corresponding to output of a transmitting radio signal
processing system 202. In some examples, the system may use a model execution controller
to transmit the transmit radio signal, for example to control or track the state of the
transmitting software or to control or track a mode of the pre-distortion model. Examples of
mode may be GSM, LTE, HSPA, or different bandwidths of LTE (e.g., S MHz, 10 MHz, 20
MHz), or different numbers of aggregated LTE carriers 3x20 MHz. The state may include
how loaded the system is, whether the system is completely filled with traffic, whether the
system has idle or unoccupied resource blocks. The transmit radio signal is transmitted from
the transmit radio signal system to the nonlinear pre-distortion machine learning model.

The system then generates a pre-distorted radio signal by processing the transmit
radio signal using the nonlinear pre-distortion machine learning model 204.

Referring to FIG. 3, the nonlinear pre-distortion machine learning model 102 may be
a neural network, e.g., a deep neural network, a convolutional neural network, a recurrent
neural network, or a combination of any of these types of neural networks. Neural networks
are machine learning models that employ one or more layers of neurons to generate an
output, e.g., one or more classifications, for a received input. Deep neural networks include
one or more hidden layers in addition to an output layer. The output of each hidden layer is
used as input to other layers in the network, i.e., another next hidden layer or the output layer.
Each layer of the neural network generates an output from a received input in accordance
with current values of a respective set of parameters (weights 312) for the layer. These neural
networks may be trained as a generative adversarial network, where multiple objectives such
as generation (e.g. generating one signal from another signal) and classification (e.g.

determining a distorted signal from a non-distorted signal) are jointly or iteratively optimized
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between two or more tightly coupled networks. These neural networks may also be trained
using autoencoders, wherein a network may be trained to produce a reconstruction of a signal
through an intermediate representation of the signal (e.g. a smaller or otherwise constrained
latent version of the signal, which can be used to retain key structural components of the
signal). Neural networks may also employ residual units, skip connections, or similar
whereby connections from one layer to another may find various paths throughout the
network, providing representation capabilities beyond more traditional sequential neural
network models which always feed from one layer to its direct successor. The neural
network model may be selected from a plurality of possible model architectures (e.g.
connections, layer sizes, hyper-parameter settings) based on an automated search process
during the training phase in order to optimize performance.

As illustrated, the machine learning model 102 takes in one or more transmit radio
signals 104 as input. The input signals 305 and input values to other layers are combined
using multiplications with weight vectors 312 and accumulates/summations of these products
along with bias vectors along with other operations such as batch normalization, dropout,
exponentiation, or otherwise which operate on activations to produce . The weight vectors
are multiplied with neuron layer inputs, while bias vectors are added with the products of
these summations (e.g., out = activation (in0*wO0 + in1*w1 +b0)). The weight vectors of all
the layers as well as other parameters including bias vectors are referred to as model
parameters.

The results of the multiplications and accumulations 306 form outputs that are passed
through nonlinear transform functions 308. The transformation functions can be one or more
of linear, sigmoid, exponential, hyperbolic tangent, rectified linear (ReLU), leaky-ReLU, or
one of many other potential forms of nonlinear activation function that works optimally to
minimize a distance metric or loss function. The output signals 308 are combined to produce
a pre-distorted radio signal 105 as model output. This output may be comprised of In-phase
and Quadrature (I/Q) time domain samples which can be converted to a complex or real
analog signal.

Referring back to FIG. 2, after generating a pre-distorted radio signal from the
nonlinear pre-distortion machine learning model, the system obtains a transmit output radio

signal by processing the pre-distorted radio signal through the transmitting radio signal
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processing system 206. For example, the transmitting radio signal processing system may
appropriately tune, scale or modify the pre-distorted radio signal, or it may compute a
difference signal between the pre-distorted signal and the input signal (e.g. for subtractive
pre-distortion). The system converts the signal to an analog signal by a digital to analog
converter. Once the signal has been converted, the generated signal may be considered a
transmit output radio signal that is ready to transmit, or in the case of a difference signal may
be additively combined with the original signal using an analog signal summation device.

The system then transmits the transmit output signal to one or more radio receivers
208. The transmit output signal can be transmitted through a target hardware amplifier
device that introduces distortions and/or interference into the signal. The transmit output
signal may also be transmitted through an antenna. The signal is then usually converted back
into a digital signal using an analog to digital converter to form a signal that can be processed
within the digital processor of the remote receivers. This received signal includes both the
pre-distortion and the distortion effects, which in ideal circumstances combine to form a
highly linear and ideal signal over the air which accurately reflects the modulation basis of
the transmitting system (e.g. an OFDM or SC-FDMA modulator which might be used in a
cellular transceiver).

In order to provide pre-distorted signals, a system trains the nonlinear pre-distortion
machine learning model to predict pre-distorted signals based on given input. Referring to
FIG. 1, the machine learning training process 113 can train the machine learning model 102
in simulation or on real radio communication systems to predict pre-distorted signals that
minimize a distance metric.

FIG. 4 illustrates a flow diagram of an example process 400 for training a nonlinear
pre-distortion machine learning model to correct distortion and interference. The process
400 can be performed by a system of one or more computing devices, located in one or more
locations and programmed appropriately in accordance with this specification. For example,
the nonlinear pre-distortion system 103 of FIG. 1, appropriately programmed, can perform
process 400.

To train the machine learning model, the system initializes values of a set of
parameters for the machine learning model. The values can be initially randomly chosen or

seeded from a random distribution. The model may have a fixed model architecture defining
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the node types and connections, which may be chosen from among a plurality of model
architectures based on multiple training processes and comparison of distance metrics. The
initial parameters may also be chosen for a specific device or type of devices in a pre-
deployment environment or based on devices or types of devices expected in a deployment
environment in which the machine learning model will be deployed, in this case the
parameters may be taken from another similar model.

The system obtains a candidate transmit radio signal corresponding to output of a
transmitting radio signal processing system 402. A model execution controller can control
the transmission of the candidate transmit waveforms that meet desired use cases of target
amplifiers and waveforms for a deployment scenario for which the machine learning model
is being trained. For example, the candidate transmit waveforms may reflect the radio
signals that would be transmitted in a target deployed radio communication system, such as
an LTE base station signal, a point-to-point microwave or mm-wave backhaul signal, in this
way the training process can train on one or more modes of a representative set of protocols
and transmission modes and conditions similar to those which will occurring in operation.

The system then processes the candidate transmit radio signal using the nonlinear pre-
distortion machine learning model that executes using the set of model parameters to
generate a pre-distorted candidate transmit radio signal 404.

The system obtains a received radio signal corresponding to input of a radio receiver
by processing the pre-distorted candidate transmit radio signal using one or more sources of
distortion or interference 406. Other sources of distortion or interference include reflectors;
and bad connectors; imperfections in the digital to analog conversion process; unintended
coupling, impedance mismatch or emissions for other electronics; unintended tones,
intermodulation products or sidelobes; responses from other analog electronic components
such as filters, power supplies, matching networks, junctions, attenuators, mixers, etc.

The system computes a distance metric between the candidate transmit radio signal
and the received radio signal 408. The distance metric is selected from one of several options
including: a mean squared error, an absolute error, or some other computation between the
transmit radio signal and the received radio signal to form a quantitative measurement of the
error vector. The distance metric between the candidate transmit radio signal and the

received radio signal may be to minimize cross-entropy towards a non-distorted target of a
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secondary trained classifier network trained to classify loss between a distorted and a non-
distorted signal (e.g. an adversarial network)

The system determines updated values for the set of model parameters of that
minimize the distance metric computed between the candidate transmit radio signal and the
received radio signal 410.

In some implementations, the system iterates over multiple candidate transmit radio
signals that correspond to various potential deployment scenarios of the radio communication
system to continually reduce the distance metric computed between the transmitted and
received radio signals. The system may perform training using many sequential samples in a
transmit waveform to encapsulate long-temporal distortion effects in addition to short-time
distortion effects. For instance, the process of distorting memory effects within amplifier
devices may operate on multiple timescales such as nano-second and micro-second scale
effects, while a processing for cancellation of delayed artifacts of the primary signal may
need to operate to remove effects a single sample away, or hundreds or more of samples
away, depending on the rate of the sampling, the temporal scale of the distortions, and the
pre-distortion model architecture.

In some implementations, the error value or loss value corresponding to the distance
metric is used to guide model selection (e.g. by training and evaluating a plurality of possible
model architectures and selecting those with lower distance metrics for further evaluation or
usage).

FIG. 5A illustrates an example configuration of a nonlinear pre-distortion system for
model training. In some implementations, the nonlinear pre-distortion system 500a is the
same as the nonlinear pre-distortion system 103. The nonlinear pre-distortion machine
learning model in configuration 500a provides a pre-distorted radio signal 503 to a modeled
source of distortion or interference 504. The distortion or interference source produces a
modeled received radio signal 505 that can be used by a distance computation process 508 to
compute a distance metric between the candidate transmit radio signal 501 and the modeled
received radio signal 505. The system then sends the computed distance metric to a model
optimization process 510. This process determines updated parameters for the machine
learning model that minimize the distance metric. The goal of the optimization process is to

provide parameters that will allow the radio communication system to have the best
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performance, e.g., the least distorted signals. The system updates model values using
Stochastic Gradient Descent-style optimizers, e.g. Adam, AdaGrad, or Nesterov Stochastic
Gradient Descent, to help iteratively minimize the distance metric based on an exact or
approximate gradient of the distance metric with regard to the model parameters. In some
implementations, the model optimization process selects optimal models to use as the
nonlinear pre-distortion machine learning model 103 in addition to determining updated
parameters for a model, for example by selecting models which achieve best model
performance from a plurality of models through a search process.

FIG. 5B illustrates an example configuration of a nonlinear pre-distortion system for
online model tuning. In some implementations, the nonlinear pre-distortion system 500a is
the same as the nonlinear pre-distortion system 103. In Fig. 5B, the nonlinear pre-distortion
machine learning model in configuration 500b is deployed in a real-time execution
environment. A transmitting radio signal processing system 101 provides actual transmit
signals 104 to the nonlinear pre-distortion machine learning model 103. The model provides
pre-distorted signals 105 that the transmitting radio signal processing system 101 processes
as described above to obtain a ready-to-transmit pre-distorted signal 107. In some
implementations, an amplifier 106 amplifies the signal to generate a post-distorted signal 108
that is received by a receiver 109. In other implementations, the receiver 109 may amplify
and retransmit the signal. In the online tuning configuration, the receiver 109 sends the
received signal 111 to the nonlinear pre-distortion system in order for the system to compute
the distance metric between the transmit signal 104 and the received signal 111. The model
optimization process 510 then computes updated pre-distortion model parameters 109 for the
nonlinear pre-distortion machine learning model 103 in order to minimize the distance
metric. This processing continually updates the parameters during real time execution to
tune the model.

In addition to training and model tuning, the nonlinear pre-distortion system can
include a management process for managing model parameter updates. These updates can be
based on a pre-deployment environment or a deployment environment within a radio
communication system in which a nonlinear pre-distorted machine learning model is
deployed. Environment conditions can include temperature, humidity, antenna impedance,

power levels, or candidate transmit signal type.
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The nonlinear pre-distortion system 103 can be deployed in several different
deployment configurations. For example, the nonlinear pre-distortion system 103 can be
deployed within base stations, e.g., cellular, Wi-Fi, backhaul, or radio system. FIGs. 6A and
6B illustrate example configurations within tower-mounted amplifiers of a base station. FIG.
6A illustrates an example configuration for in-line mode within a tower-mounted amplifier,
placing a nonlinear pre-distortion system 103 between an input 601 and an amplifier 603.
FIG. 6B illustrates an example configuration for fault-tolerant subtractive mode within the
tower-mounted amplifier, with the nonlinear pre-distortion system 103 configured between
an RF splitter 606 and an analog subtract 607. FIGs. 7A and 7B illustrate example
configurations within remote radio units of a base station. FIG. 7A illustrates a configuration
for in-line mode within a remote radio unit, with the nonlinear pre-distortion system 103
configured between the input 701 and the amplifier 703. FIG. 7B illustrates an example
configuration for fault-tolerant subtractive mode within the remote radio unit with the
machine learning model 102 and the machine learning model training process 113 separated.

In one implementation, the nonlinear pre-distortion system 103 can be deployed
inside a single chip of a radio frequency integrated circuit (RFIC) device, e.g., an AD9361 or
a Qualcomm RTR chip and a baseband processor. In such deployments, the system 103 can
reside on the radio system on a chip and/or the baseband processing system on a chip on a
phone or other mobile device, e.g., laptop, tablet. The nonlinear pre-distortion model can
exist either in the baseband processing system on a chip with off chip model parameter
updates or in the radio system on a chip with off-chip model parameter updates (e.g. model
parameter updates and tuning may occur at a slower rate, execute on a different processor, a
remote location, or other configuration) . In an alternative implementation, the nonlinear pre-
distortion system 103 can be deployed completely within a single chip of a RFIC device.

The nonlinear pre-distortion system 103 can be deployed in a backhaul or satellite
relay radio system. FIG. 8 illustrates an example configuration 800 for a satellite relay
system 801. The satellite relay system 801 includes an amplifier 802 that distorts signals.
The configuration 800 may also include an amplifier 805 for transmission. One or more
amplifiers’ distortion effects may be taken into consideration when updating the machine

learning model using the machine learning model training process 113.
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The nonlinear pre-distortion system 103 can additionally or alternatively be deployed
in a system for interference cancellation. In this case, interference, for example from nearby
emitters or sources of interference can be suppressed or removed from the received signal to
allow for improved radio system performance. One source of such interference is two co-
located base stations operating on frequencies whereby harmonics of the transmitted signals
when mixed together by non-linear junctions, such can occur in rusty metals, produce
interfering signals in the receive band of one base station in a process known as Passive
Intermodulation (PIM) distortion. FIG. 9 illustrates an example configuration 900 for a
system that includes interference cancellation. This configuration uses an equivalent network
which modifies a received radio signal 912 and passes it through a distortion/interference
removal network 905 in order to remove artifacts resulting from an interference source which
may be sensed at another antenna 911. To accomplish this the network uses a similar distance
metric to minimize or remove any dependent signal content from the interference signal 911
present within the received signal 912. In a pre-distortion on transmit system, a sensor such
as 912 may be used after radio transmission to compensate additionally for impairments and

distortion to the signal which occurs after transmission from the base station.

Embodiments of the subject matter and the functional operations described in this
specification can be implemented in digital electronic circuitry, in tangibly-embodied
computer software or firmware, in computer hardware, including the structures disclosed in
this specification and their structural equivalents, or in combinations of one or more of them.
Embodiments of the subject matter described in this specification can be implemented as one
or more computer programs, i.e., one or more modules of computer program instructions
encoded on a tangible non-transitory storage medium for execution by, or to control the
operation of, data processing apparatus. The computer storage medium can be a machine-
readable storage device, a machine-readable storage substrate, a random or serial access
memory device, or a combination of one or more of them. Alternatively or in addition, the
program instructions can be encoded on an artificially-generated propagated signal, e.g., a
machine-generated electrical, optical, or electromagnetic signal, which is generated to encode
information for transmission to suitable receiver apparatus for execution by a data processing

apparatus.
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The term “data processing apparatus” refers to data processing hardware and
encompasses all kinds of apparatus, devices, and machines for processing data, including by
way of example a programmable processor, a computer, or multiple processors or computers.
The apparatus can also be, or further include, special purpose logic circuitry, e.g., an FPGA
(field programmable gate array) or an ASIC (application-specific integrated circuit). The
apparatus can optionally include, in addition to hardware, code that creates an execution
environment for computer programs, e.g., code that constitutes processor firmware, a
protocol stack, a database management system, an operating system, or a combination of one
or more of them.

A computer program, which may also be referred to or described as a program,
software, a software application, an app, a module, a software module, a script, or code, can
be written in any form of programming language, including compiled or interpreted
languages, or declarative or procedural languages; and it can be deployed in any form,
including as a stand-alone program or as a module, component, subroutine, or other unit
suitable for use in a computing environment. A program may, but need not, correspond to a
file in a file system. A program can be stored in a portion of a file that holds other programs
or data, e.g., one or more scripts stored in a markup language document, in a single file
dedicated to the program in question, or in multiple coordinated files, e.g., files that store one
or more modules, sub-programs, or portions of code. A computer program can be deployed
to be executed on one computer or on multiple computers that are located at one site or
distributed across multiple sites and interconnected by a data communication network.

The processes and logic flows described in this specification can be performed by one
or more programmable computers executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
can also be performed by special purpose logic circuitry, e.g., an FPGA or an ASIC, or by a
combination of special purpose logic circuitry and one or more programmed computers.

Computers suitable for the execution of a computer program can be based on general
or special purpose microprocessors or both, or any other kind of central processing unit.
Generally, a central processing unit will receive instructions and data from a read-only
memory or a random access memory or both. The essential elements of a computer are a

central processing unit for performing or executing instructions and one or more memory
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devices for storing instructions and data. The central processing unit and the memory can be
supplemented by, or incorporated in, special purpose logic circuitry. Generally, a computer
will also include, or be operatively coupled to receive data from or transfer data to, or both,
one or more mass storage devices for storing data, e.g., magnetic, magneto-optical disks, or
optical disks. However, a computer need not have such devices. Moreover, a computer can
be embedded in another device, e.g., a mobile telephone, a personal digital assistant (PDA), a
mobile audio or video player, a game console, a Global Positioning System (GPS) receiver,
or a portable storage device, e.g., a universal serial bus (USB) flash drive, to name just a few.

Computer-readable media suitable for storing computer program instructions and data
include all forms of non-volatile memory, media and memory devices, including by way of
example semiconductor memory devices, e.g., EPROM, EEPROM, and flash memory
devices; magnetic disks, e.g., internal hard disks or removable disks; magneto-optical disks;
and CD-ROM and DVD-ROM disks.

To provide for interaction with a user, embodiments of the subject matter described in
this specification can be implemented on a computer having a display device, e.g., a CRT
(cathode ray tube) or LCD (liquid crystal display) monitor, for displaying information to the
user and a keyboard and a pointing device, e.g., a mouse or a trackball, by which the user can
provide input to the computer. Other kinds of devices can be used to provide for interaction
with a user as well; for example, feedback provided to the user can be any form of sensory
feedback, e.g., visual feedback, auditory feedback, or tactile feedback; and input from the
user can be received in any form, including acoustic, speech, or tactile input. In addition, a
computer can interact with a user by sending documents to and receiving documents from a
device that is used by the user; for example, by sending web pages to a web browser on a
user’s device in response to requests received from the web browser. Also, a computer can
interact with a user by sending text messages or other forms of message to a personal device,
e.g., a smartphone, running a messaging application, and receiving responsive messages from
the user in return.

Embodiments of the subject matter described in this specification can be implemented
in a computing system that includes a back-end component, e.g., as a data server, or that
includes a middleware component, e.g., an application server, or that includes a front-end

component, e.g., a client computer having a graphical user interface, a web browser, or an
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app through which a user can interact with an implementation of the subject matter described
in this specification, or any combination of one or more such back-end, middleware, or front-
end components. The components of the system can be interconnected by any form or
medium of digital data communication, e.g., a communication network. Examples of
communication networks include a local area network (LAN) and a wide area network
(WAN), e.g., the Internet.

The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication network.
The relationship of client and server arises by virtue of computer programs running on the
respective computers and having a client-server relationship to each other. In some
embodiments, a server transmits data, e.g., an HTML page, to a user device, e.g., for
purposes of displaying data to and receiving user input from a user interacting with the
device, which acts as a client. Data generated at the user device, e.g., a result of the user
interaction, can be received at the server from the device.

While this specification contains many specific implementation details, these should
not be construed as limitations on the scope of any invention or on the scope of what may be
claimed, but rather as descriptions of features that may be specific to particular embodiments
of particular inventions. Certain features that are described in this specification in the
context of separate embodiments can also be implemented in combination in a single
embodiment. Conversely, various features that are described in the context of a single
embodiment can also be implemented in multiple embodiments separately or in any suitable
subcombination. Moreover, although features may be described above as acting in certain
combinations and even initially be claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or variation of a subcombination.

Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to achieve
desirable results. In certain circumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system modules and components in the

embodiments described above should not be understood as requiring such separation in all
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embodiments, and it should be understood that the described program components and
systems can generally be integrated together in a single software product or packaged into
multiple software products.

Particular embodiments of the subject matter have been described. Other
embodiments are within the scope of the following claims. For example, the actions recited
in the claims can be performed in a different order and still achieve desirable results. As one
example, the processes depicted in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results. In some cases,
multitasking and parallel processing may be advantageous.

What is claimed is:
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CLAIMS

1. A method for correcting distortion of radio signals, the method comprising:

obtaining a transmit radio signal corresponding to an output of a transmitting radio
signal processing system;

generating a pre-distorted radio signal by processing the transmit radio signal using a
nonlinear pre-distortion machine learning model, wherein the nonlinear pre-distortion
machine learning model includes model parameters and at least one nonlinear function to
correct radio signal distortion;

obtaining a transmit output radio signal by processing the pre-distorted radio signal
through the transmitting radio signal processing system; and

transmitting the transmit output radio signal to one or more radio receivers.
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ABSTRACT

Methods, systems, and apparatus, including computer programs encoded on computer
storage media, for correcting distortion of radio signals A transmit radio signal
corresponding to an output of a transmitting radio signal processing system is obtained. A
pre-distorted radio signal is then generated by processing the transmit radio signal using a
nonlinear pre-distortion machine learning model. The nonlinear pre-distortion machine
learning model includes model parameters and at least one nonlinear function to correct radio
signal distortion or interference. A transmit output radio signal is obtained by processing the
pre-distorted radio signal through the transmitting radio signal processing system. The

transmit output radio signal is then transmitted to one or more radio receivers.
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