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TUNABLE BALUN

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Utility Patent Application No. 15/198,798, filed
on June 30, 2016 and also claims the benefit of U.S. Provisional Application No. 62/189,866,
filed on July 8, 2015. The entire disclosures of the applications referenced above rea

incorporated herein by reference.

FIELD
[0002] The present disclosure relates generally to active circuits and more particularly to a

tunable balun used to couple a differential output to a single-ended load.

BACKGROUND

[0003] The background description provided herein is for the purpose of generally presenting
the context of the disclosure. Work of the presently named inventors, to the extent the work is
described in this background section, as well as aspects of the description that may not
otherwise qualify as prior art at the time of filing, are neither expressly nor impliedly admitted
as prior art against the present disclosure.

[0004] A balun is used to couple an output of an active circuit to a load. For example, in a
wireless transmitter, a balun is used to convert a differential output of an up-converter to a
single-ended antenna. In some other examples, a balun is used to couple an output of an

amplifier to a load such as a loud speaker, for example.

SUMMARY
[0005] A system comprises a balun, a power monitoring circuit, a first circuit, and a second
circuit. The balun includes a first inductor to receive an input and a second inductor to couple
the input to a load. The power monitoring circuit is configured to monitor an amount of power
being delivered to the load when the input is coupled to the load. The first circuit is configured
to couple an entire of the second inductor to the first inductor when a first power is delivered
to the load. The second circuit is configured to couple a portion of the second inductor to the

first inductor when a second power that is less than the first power is delivered to the load.
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[0006] In other features, the power monitoring circuit is configured to generate a first signal
to activate the first circuit when the first power is delivered to the load, and a second signal to
activate the second circuit when the second power that is less than the first power is delivered
to the load.

[0007] In other features, power monitoring circuit is configured to assert a first signal to
activate the first circuit and de-assert a second signal to de-activate the second circuit when
the first power is delivered to the load, and to assert the second signal to activate the second
circuit and de-assert the first signal to de-activate the first circuit when the second power that
is less than the first power is delivered to the load.

[0008] In other features, the system further comprises an up-converter providing the input to
the first inductor and an antenna connected to the second inductor as the load.

[0009] In other features, the system further comprises an up-converter providing the input to
the first inductor and a power amplifier connected to the second inductor as the load.

[0010] In still other features, a method comprises coupling an input to a first inductance
component of a balun and coupling the input to a load via a second inductance component of
the balun. The method further comprises selecting, using a first circuit, an entire of the second
inductance component in response to an amount of power delivered to the load being greater
than a predetermined threshold. The method further comprises selecting, using a second
circuit, a portion of the second inductance component in response to the amount of power
delivered to the load being less than or equal to the predetermined threshold.

[0011] In other features, the method further comprises selecting, using the first circuit, an
entire of the first inductance component in response to an amount of power delivered to the
load being greater than a predetermined threshold. The method further comprises selecting,
using the second circuit, a portion of the first inductance component in response to the
amount of power delivered to the load being less than or equal to the predetermined
threshold.

[0012] In other features, the method further comprises adjusting, using the first and second
circuits, a ratio of the first inductance component to the second inductance component based
on the amount of power delivered to the load.

[0013] In other features, the method further comprises maintaining a predetermined

linearity regardless of the amount of power delivered to the load by adjusting, using the first
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and second circuits, a ratio of the first inductance component to the second inductance
component based on the amount of power delivered to the load.

[0014] In other features, the method further comprises increasing, using the first and second
circuits, a ratio of the first inductance component to the second inductance component in
response to the amount of power delivered to the load being less than or equal to the
predetermined threshold.

[0015] In other features, the method further comprises decreasing, using the first and second
circuits, a ratio of the first inductance component to the second inductance component in
response to the amount of power delivered to the load being greater than or equal to the
predetermined threshold.

[0016] In other features, the method further comprises controlling, using the first and second
circuits, a ratio of the first inductance component to the second inductance component to
increase an input impedance at the first inductance component in response to the amount of
power delivered to the load being less than or equal to the predetermined threshold.

[0017] In other features, the method further comprises controlling, using the first and second
circuits, a ratio of the first inductance component to the second inductance component to
decrease an input impedance at the first inductance component in response to the amount of
power delivered to the load being greater than or equal to the predetermined threshold.
[0018] Further areas of applicability of the present disclosure will become apparent from the
detailed description, the claims and the drawings. The detailed description and specific
examples are intended for purposes of illustration only and are not intended to limit the scope

of the disclosure.

BRIEF DESCRIPTION OF DRAWINGS
[0019] FIG. 1is a schematic of a portion of a transmitter including a tunable balun.
[0020] FIG. 2 is a graph showing a 3dB increase in output power when an input impedance of
the tunable balun of FIG. 1 is doubled.
[0021] FIGs. 3 and 4 show a power level at which the tunable balun of FIG. 1 is switched
between low and high impedance modes.
[0022] FIG. 5 is a flowchart of a method for using a tunable balun of FIG. 1 to maintain the
same linearity regardless of the output power by switching the tunable balun between low and

high impedance modes based on whether the output power is above or below a threshold.
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[0023] In the drawings, reference numbers may be reused to identify similar and/or identical

elements.

DESCRIPTION
[0024] FIG. 1 shows a tunable balun system according to the present disclosure. For example,
a transmitter 100, suitably a wireless transmitter in an embodiment, comprises an up-
converter 102, a tunable balun 108, a load (e.g., an antenna or a power amplifier) 106, and a
control circuit 110 to control the tunable balun 108. For example, the up-converter 102
provides a differential output to be transmitted to the load 106. The tunable balun 108
converts the differential output of the up-converter 102 to a single-ended output and couples
the single-ended output to the load 106. In accordance with an embodiment, the tunable balun
system is configured to maintain the same or a predetermined linearity of the up-converter
102 (i.e., a fixed linear relationship between input power and gain of the up-converter 102)
regardless of the amount of power delivered to the load 106.
[0025] Specifically, in brief, the control circuit 110 includes a power monitoring circuit 109
that monitors the output power being delivered by the up-converter 102 to the load 106. The
control circuit 110 changes the primary to secondary inductance ratio of the tunable balun 108
depending on the output power delivered by the up-converter 102 to the load 106. Effectively,
the control circuit 110 changes the input impedance seen at the input of the primary
inductance of the tunable balun 108 depending on the output power delivered by the up-
converter 102 to the load 106.
[0026] The tunable balun 108 includes primary and secondary inductances 108-1, 108-2
coupled together. The load 106 has an impedance R,. An output power delivered by the up-
converter 102 to the load 106 via the tunable balun 108 at resonance, assuming that the
tunable balun 108 is lossless, is given by Poyt = irms2 R.. A differential voltage swing at the input
of the primary inductance of the tunable balun 108 is given by Vg = 1.414 i.s Ry at resonance.
While P, is proportional to irmsz, Vgite is proportional to iyms.
[0027] In non-tunable baluns, the primary to secondary ratio is typically 1:1. An input
impedance seen at an input of the primary inductance of a non-tunable balun is given by Z; =R,
// Z,, where the symbol "//" denotes a parallel connection of the load 106 having the
impedance R, and the impedance Z, of the secondary inductance L of the non-tunable balun.

The higher the Vg, the worse is the linearity of the up-converter 102. Accordingly, the linearity
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of the up-converter 102 when the output power is high is not the same as the linearity of the
up-converter 102 when the output power is low.

[0028] As explained below in detail, using the tunable balun 108, at high output power, a low
impedance is seen at the input of the primary inductance 108-1 of the tunable balun 108,
which allows for a smaller voltage swing Vg at the input of the primary inductance 108-1 of
the tunable balun 108 (the smaller voltage swing Vg being caused, for example, by a weak
signal output by a DAC of a transmitter (not shown) to the up-converter 102 depending on the
data to be transmitted), thereby improving linearity (i.e., the gain of the up-converter 102 does
not have to be increased but rather the input impedance is decreased). When the output
power decreases, switching to a high impedance helps in keeping the same linearity as at high
output power (since the gain of the up-converter 102 does not have to be decreased but rather
the input impedance is increased).

[0029] More specifically, the power monitoring circuit 109 monitors the power being
delivered by the up-converter 102 to the load 106 (e.g., based on the current i and the load R,
and using the formula Py = irmS2 Ry). Suppose that the power monitoring circuit 109
determines that the output power delivered by the up-converter 102 to the load 106 is high
(e.g., greater than a predetermined threshold). For example only, the predetermined threshold
can be a fixed value such as 0dBm as shown in FIGs. 3 and 4. When the output power delivered
by the up-converter 102 to the load 106 is high, the power monitoring circuit 109 asserts an
Enable low impedance signal and de-asserts an Enable high impedance signal.

[0030] The control circuit 110 includes a first circuit 110-1 and a second circuit 110-2 that
configure the tunable balun 108 according to the amount of power delivered to the load 106 as
follows. The control circuit 110 operates the tunable balun 108 in a low impedance mode in
response to the power monitoring circuit 109 asserting the Enable low impedance input to the
first circuit 110-1 and de-asserting the Enable high impedance input to the second circuit 110-
2. In the low impedance mode, the first circuit 110-1 selects the entire secondary inductance L,
108-2 of the tunable balun 108 and couples the entire secondary inductance L; 108-2 of the
tunable balun 108 to the primary inductance L 108-1 of the tunable balun 108. Specifically, the
control circuit 110 activates the first circuit 110-1 in response to the power monitoring circuit
109 asserting the Enable low impedance signal. When activated, the first circuit 110-1 couples
the entire secondary inductance L; 108-2 of the tunable balun 108 to the primary inductance L

108-1 of the tunable balun 108.
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[0031] An input impedance seen at an input of the primary inductance L 108-1 of the tunable
balun 108 is given by Z; = R, // Z, where the symbol "//" denotes a parallel connection of the
load 106 having the impedance R, and the impedance Z, of the secondary inductance L, 108-2
of the tunable balun 108. The input impedance Zs seen at an input of the primary inductance L
108-1 of the balun 108 is reduced due to the first circuit 110-1 coupling the entire secondary
inductance L; 108-2 of the tunable balun 108 to the primary inductance L 108-1 of the tunable
balun 108.

[0032] Conversely, when the output power delivered by the up-converter 102 to the load 106
is low (e.g., less than or equal to the predetermined threshold, e.g. 0dBm), the power
monitoring circuit 109 de-asserts the Enable low impedance signal and asserts an Enable high
impedance signal. The control circuit 110 operates the tunable balun 108 in a high impedance
mode in response to the power monitoring circuit 109 de-asserting the Enable low impedance
input to the first circuit 110-1 and asserting the Enable high impedance input to the second
circuit 110-2.

[0033] In the high impedance mode, the second circuit 110-2 selects a portion a L, (e.g., half
of Ly if a = }4) of the entire secondary inductance L; 108-2 of the tunable balun 108 and couples
the portion a L; (e.g., half of L; if a = }4) of the entire secondary inductance L, 108-2 of the
tunable balun 108 to the primary inductance L 108-1 of the tunable balun 108. For example,
the secondary inductance L; 108-2 of the tunable balun 108 can be a center-tapped inductance
(i.e., if a =1). Alternatively, a tapping point is provided in the secondary inductance L, 108-2 of
the tunable balun 108 according to any selected value of O<a<1.

[0034] In the high impedance mode, the control circuit 110 activates the second circuit 110-2
in response to the power monitoring circuit 109 asserting the Enable high impedance signal.
When activated, the second circuit 110-2 couples the portion a L; of the entire secondary
inductance L; 108-2 of the tunable balun 108 to the primary inductance L 108-1 of the tunable
balun 108. The input impedance Z; seen at an input of the primary inductance 108-1 of the
balun 108 given by Z; = R, // Z, is increased due to the second circuit 110-2 coupling the portion
a L; of the entire secondary inductance L; 108-2 of the tunable balun 108 to the primary
inductance L 108-1 of the tunable balun 108.

[0035] At high output power (i.e., when the output power is greater than the predetermined
threshold, e.g., 0dBm), the low impedance mode allows for a smaller voltage swing Vi at the

input of the primary inductance of the tunable balun 108 (the smaller voltage swing Vg being
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caused, for example, by a weak signal output by a DAC of a transmitter (not shown) to the up-
converter 102 depending on the data to be transmitted), which improves linearity. When the
output power decreases (e.g., to less than or equal to a predetermined threshold, e.g., 0dBm),
switching to the high impedance mode saves current while keeping the same linearity as at
high output power.

[0036] In other words, for the same current, since the impedance of the tunable balun 108 is
increased by switching to the high impedance mode, the output power delivered to the load
106 is increased. Alternatively, for the same output power, since the impedance of the tunable
balun 108 is increased by switching to the high impedance mode, the current consumption is
decreased.

[0037] Further, the input impedance seen at the input of the primary inductance of the
tunable balun 108 is given by Z; = R/(L/al,) // Z,, where the symbol "//" denotes a parallel
connection of R, (L/aL;) and L. For example, if L=L; and a =%, (i.e., if (L/aL;) = 2), in the high
impedance mode (i.e., when the Enable high impedance input is asserted and the Enable low
impedance input is de-asserted), the output power is 3dB higher for the same current
consumption, or the same output power is delivered by saving the current consumption by
nearly 40%.

[0038] FIG. 2 shows that doubling the input impedance of the tunable balun 108 by using the
control circuit 110 and by selecting a suitable value of a increases the output power by 3dB for
the same current consumption. Stated differently, by doubling the input impedance of the
tunable balun 108, the output power is kept the same while reducing current consumption by
nearly 40%.

[0039] FIGs. 3 and 4 show that changing the ratio of primary to secondary inductance of the
tunable balun 108 from low to high impedance at a predetermined power level (e.g., 0dBm)
using the control circuit 110 as explained above reduces current consumption at lower output
power while keeping the same linearity as at higher output power.

[0040] FIG. 5 shows a method 200 according to the present disclosure for changing the input
impedance of a tunable balun according to the output power delivered to a load while
maintaining the same or predetermined linearity regardless of the amount of power delivered
to the load. At 202, control determines whether the output power delivered to the load is high

(i.e., greater than a predetermined threshold) or low (i.e.,, less than or equal to the
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predetermined threshold). For example only, the predetermined threshold can be 0dBm as
shown in FIGs. 5 and 6.

[0041] At 204, if the output power delivered to the load is high (i.e., greater than the
predetermined threshold) or simply first power, control operates the tunable balun in a low
impedance mode. Control selects and couples the entire secondary inductance of the tunable
balun to the primary inductance of the tunable balun. At 206, if the output power delivered to
the load is low (i.e., less than or equal to the predetermined threshold) or simply second power
that is less than the first power, control operates the tunable balun in a high impedance mode.
Control selects and couples a portion of the secondary inductance of the tunable balun to the
primary inductance of the tunable balun. Accordingly, by changing the input impedance of the
tunable balun according to the output power delivered to the load, the same or predetermined
linearity is maintained regardless of the amount of power delivered to the load.

[0042] The teachings of the present disclosure are not limited to the manner of selecting the
secondary inductance as described above. Alternatively or additionally, selecting the primary
inductance in the same manner as the secondary inductance is also within the scope of the
invention. That is, skilled artisans will appreciate from the present disclosure that, in addition
to or instead of selecting the secondary inductance as described above, the control circuit 110
can be configured to similarly select the entire or a portion of the primary inductance in
response to the amount of power delivered to the load.

[0043] For example, as explained above, the power monitoring circuit 109 monitors the
output power delivered by the up-converter 102 to the load 106. When the output power
delivered by the up-converter 102 to the load 106 is high, the power monitoring circuit 109
asserts the Enable low impedance signal and de-asserts the Enable high impedance signal.
When the output power delivered by the up-converter 102 to the load 106 is low, the power
monitoring circuit 109 de-asserts the Enable low impedance signal and asserts the Enable high
impedance signal. The first and second circuits 110-1, 110-2 of the control circuit 110 change
(i.e., increase or decrease) the primary to secondary inductance ratio of the tunable balun 108
depending on the output power delivered by the up-converter 102 to the load 106 by selecting
the entire or a portion of the secondary inductance 108-2 as described above.

[0044] Similarly, the first and second circuits 110-1, 110-2 of the control circuit 110 change
(i.e., increase or decrease) the primary to secondary inductance ratio of the tunable balun 108

depending on the output power delivered by the up-converter 102 to the load 106 by selecting
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the entire or a portion of the primary inductance 108-1 in addition to or instead of selecting
the entire or a portion of the secondary inductance 108-2 as described above.

[0045] The foregoing description is merely illustrative in nature and is in no way intended to
limit the disclosure, its application, or uses. The broad teachings of the disclosure can be
implemented in a variety of forms. Therefore, while this disclosure includes particular
examples, the true scope of the disclosure should not be so limited since other modifications

will become apparent upon a study of the drawings, the specification, and the following claims.
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CLAIMS

What is claimed is:

1. A system comprising:

a balun including a first inductor to receive an input and a second inductor to couple
the input to a load;

a power monitoring circuit configured to monitor an amount of power being delivered
to the load when the input is coupled to the load;

a first circuit configured to couple an entire of the second inductor to the first inductor
when a first power is delivered to the load; and

a second circuit configured to couple a portion of the second inductor to the first

inductor when a second power that is less than the first power is delivered to the load.

2. The system of claim 1, wherein the power monitoring circuit is configured to generate a
first signal to activate the first circuit when the first power is delivered to the load, and a
second signal to activate the second circuit when the second power that is less than the first

power is delivered to the load.

3. The system of claim 1, wherein the power monitoring circuit is configured to assert a
first signal to activate the first circuit and de-assert a second signal to de-activate the second
circuit when the first power is delivered to the load, and to assert the second signal to activate
the second circuit and de-assert the first signal to de-activate the first circuit when the second

power that is less than the first power is delivered to the load.

4. The system of claim 1 further comprising:
an up-converter providing the input to the first inductor; and

an antenna connected to the second inductor as the load.

5. The system of claim 1 further comprising:
an up-converter providing the input to the first inductor; and

a power amplifier connected to the second inductor as the load.

10
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6. A method comprising:

coupling an input to a first inductance component of a balun;

coupling the input to a load via a second inductance component of the balun;

selecting, using a first circuit, an entire of the second inductance component in
response to an amount of power delivered to the load being greater than a predetermined
threshold; and

selecting, using a second circuit, a portion of the second inductance component in
response to the amount of power delivered to the load being less than or equal to the

predetermined threshold.

7. The method of claim 6, further comprising:

selecting, using the first circuit, an entire of the first inductance component in response
to an amount of power delivered to the load being greater than a predetermined threshold;
and

selecting, using the second circuit, a portion of the first inductance component in
response to the amount of power delivered to the load being less than or equal to the

predetermined threshold.

8. The method of claim 6, further comprising adjusting, using the first and second circuits,
a ratio of the first inductance component to the second inductance component based on the

amount of power delivered to the load.

9. The method of claim 6, further comprising maintaining a predetermined linearity
regardless of the amount of power delivered to the load by adjusting, using the first and
second circuits, a ratio of the first inductance component to the second inductance component

based on the amount of power delivered to the load.

10. The method of claim 6, further comprising increasing, using the first and second circuits,
a ratio of the first inductance component to the second inductance component in response to
the amount of power delivered to the load being less than or equal to the predetermined

threshold.

11
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11. The method of claim 6, further comprising decreasing, using the first and second
circuits, a ratio of the first inductance component to the second inductance component in
response to the amount of power delivered to the load being greater than or equal to the

predetermined threshold.

12. The method of claim 6, further comprising controlling, using the first and second
circuits, a ratio of the first inductance component to the second inductance component to
increase an input impedance at the first inductance component in response to the amount of

power delivered to the load being less than or equal to the predetermined threshold.

13. The method of claim 6, further comprising controlling, using the first and second
circuits, a ratio of the first inductance component to the second inductance component to
decrease an input impedance at the first inductance component in response to the amount of

power delivered to the load being greater than or equal to the predetermined threshold.

12
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INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2016/054097

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO3H7/09 HO3H7/38
ADD. HO4B1/58 HO3H11/32

HO3H7/42

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO3H HO4B HO3F

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2012/139658 Al (MU FENGHAO [SE]) 1-13
7 June 2012 (2012-06-07)
paragraphs [0035], [0048]; figures 5-9

X,P US 2015/194944 A1 (JOSHI ALOK [IN] ET AL) 1,6,7
9 July 2015 (2015-07-09)
figures 3A, 4A, 4B

X US 5 986 617 A (MCLELLAN SCOTT WAYNE [US]) 1-13
16 November 1999 (1999-11-16)

Y column 1, line 1 - column 5, line 42; 1-13
figures 2-6

X US 2008/075146 Al (ROFOUGARAN AHMADREZA 1-13
REZA [US]) 27 March 2008 (2008-03-27)

Y paragraph [0071]; figure 14 1-13

_/ -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

21 October 2016

Date of mailing of the international search report

07/11/2016

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Naumann, Olaf
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C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

US 2012/075016 Al (VISSER HENDRIK [NL] ET
AL) 29 March 2012 (2012-03-29)
paragraphs [0006], [0038]; figures 1,6,8

1-13

Form PCT/ISA/210 (continuation of second sheet) (April 2005)
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Information on patent family members

International application No

PCT/1B2016/054097
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2012139658 Al 07-06-2012  CN 103329435 A 25-09-2013
EP 2647125 Al 09-10-2013
US 2012139658 Al 07-06-2012
US 2013257557 Al 03-10-2013
WO 2012074460 Al 07-06-2012
US 2015194944 Al 09-07-2015 US 2015194944 Al 09-07-2015
WO 2015105672 Al 16-07-2015
US 5986617 A 16-11-1999  NONE
US 2008075146 Al 27-03-2008 US 2008075146 Al 27-03-2008
US 2011026565 Al 03-02-2011
US 2012075016 Al 29-03-2012  EP 2619903 Al 31-07-2013
US 2012075016 Al 29-03-2012
WO 2012038544 Al 29-03-2012

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - claims
	Page 12 - claims
	Page 13 - claims
	Page 14 - drawings
	Page 15 - drawings
	Page 16 - drawings
	Page 17 - drawings
	Page 18 - drawings
	Page 19 - wo-search-report
	Page 20 - wo-search-report
	Page 21 - wo-search-report

