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(57) Abstract: In described examples, a test circuit
(100) includes a circuit to be calibrated (102), an er-
ror generation circuit (110) and a simplex circuit
(112) coupled to one another. The circuit to be cal-
ibrated (102) is configured to implement a first plur-
ality of trim codes (122-126) as calibration paramet-
ers for a corresponding plurality of components of
the circuit to be calibrated and generate an actual
output (106). The error generation circuit (110) is
configured to generate an error signal based on a
difference between the actual output (106) and an
expected output (108) of the circuit to be calibrated
(102). The simplex circuit (112) is configured to re-
ceive the error signal from the error generation cir-
cuit (110), generate a second plurality of trim codes
(122-126) using a simplex algorithm based on the
error signal, and transmit the second plurality of
trim codes (122-126) to the circuit to be calibrated
(102).
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SYSTEMS AND METHODS FOR OPTIMAL
TRIM CALIBRATIONS IN INTEGRATED CIRCUITS

BACKGROUND

[0001] Many circuits (e.g., analog, radio frequency (RF) and/or mixed signal circuits) require
fine tuning of various components (e.g., resistors, capacitors, delay lines and/or transistor biasing)
to meet specifications. The process of fine tuning these components may be termed trimming.
While the circuit is being trimmed, different trim codes are read into the circuit and applied to their
corresponding components. These trim codes are specific calibration parameters for their
corresponding components. Each possible trim code for each component is then applied to their
respective components until the circuit meets its specifications. Many times, this calibration
process involves tuning of multiple inter-dependent trim codes to generate the desired output. This
may require the designer/test engineer to perform a complicated sequence of optimizations that
include repeatedly tuning different trim codes one at a time. Also, because the optimization of a
second component may alter the optimization of the first component, an overall optimal trim code
combination may be difficult to achieve.

SUMMARY

[0002] In described examples of systems and methods for calibrating a circuit, a test circuit
includes a circuit to be calibrated, an error generation circuit, and a simplex circuit coupled to one
another. The circuit to be calibrated is configured to implement a first plurality of trim codes as
calibration parameters for a corresponding plurality of components of the circuit and generate an
actual output. The error generation circuit is configured to generate an error signal based on a
difference between the actual output and an expected output of the circuit. The simplex circuit is
configured to receive the error signal from the error generation circuit, generate a second plurality
of trim codes using a simplex algorithm based on the error signal, and transmit the second plurality
of trim codes to the circuit to be calibrated.

[0003] In described examples of a method for calibrating a circuit, the method may comprise
generating a plurality of error signals based on differences between a plurality of expected outputs

from a circuit to be calibrated and a plurality of actual outputs from the circuit to be calibrated
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implementing a first plurality of trim codes. The method may also comprise generating a simplex
structure comprising a plurality of vertices corresponding to the first plurality of trim codes. The
method may also comprise calculating a centroid of the simplex structure. The method may also
comprise transforming a vertex of the plurality of vertices to generate a second plurality of trim
codes. The method may also comprise transmitting the second plurality of trim codes to the circuit
to be calibrated for implementation.

[0004] In further examples, a simplex circuit may comprise ordering logic, centroid calculation
logic, and transformation logic. The ordering logic may be configured to receive a plurality of
error signals and generate a simplex structure comprising a plurality of vertices. Each of the error
signals is generated based on differences between a plurality of expected outputs from a circuit to
be calibrated and a plurality of actual outputs from the circuit to be calibrated implementing a first
plurality of trim codes. Each of the plurality of vertices corresponds with one of the first plurality
of trim codes. The centroid calculation logic is configured to identify a centroid of the simplex
structure. The transformation logic is configured to reflect, expand, contract, or reduce a vertex of
the plurality of vertices to generate a second plurality of trim codes. The transformation logic is
also configured to transmit the second plurality of trim codes to the circuit to be calibrated for
implementation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 shows a block diagram of a test circuit in accordance with various embodiments.
[0006] FIG. 2 shows a block diagram of a simplex circuit in accordance with various
embodiments.

[0007] FIG. 3 shows an example simplex structure in accordance with various embodiments.
[0008] FIG. 4 shows a flow diagram of a method for calibrating a circuit in accordance with
various embodiments.

[0009] FIG. 5 shows a flow diagram of a method for transforming a vertex in accordance with
various embodiments.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0010] In this description, if a first device couples to a second device, that connection may be
through a direct connection, or through an indirect connection via other devices and connections.
The recitation “based on” is intended to mean “based at least in part on.” Therefore, if X is based

on ¥, X' may be based on ! and any number of other factors.
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[0011] Many circuits require trimming for optimization and/or to meet specifications. Thus,
these circuits require calibration of various components. A component in a circuit is any sub-part
of the circuit whose parametric value can be changed for tuning / controlling the circuit’s
operation. Examples are resistors, capacitors, delay lines and transistors (transistor biasing). While
the circuit is being trimmed, different trim codes are read into the circuit and applied to their
corresponding components. These trim codes are specific calibration parameters for their
corresponding components. In a conventional system, each possible trim code for each component
is then applied to their respective components until the circuit meets its specifications. Many times
in the conventional system, this calibration process involves tuning of multiple inter-dependent
trim codes to generate the desired output corresponding to the specification being required to be
met by the circuit. This may require the designer/test engineer to perform a complicated sequence
of optimizations that include repeatedly tuning different trim codes one at a time. In fact, because
the optimization of one component may have an effect on another component, even after a first
component is optimized, it may need to be re-optimized after a second component is optimized.
Also, because the optimization of a second component may alter the optimization of the first
component, an overall optimal trim code combination may be difficult to achieve. Thus, it is
desirable to create a fast technique for multi-dimensional trim code optimization that calibrates
multiple trim codes simultaneously.

[0012] FIG. 1 shows a block diagram of a test circuit 100 in accordance with various
embodiments. The test circuit 100 may include circuit to be calibrated 102, analog-to-digital
converter (ADC) 104, error generation logic 110, and simplex circuit 112. Circuit to be calibrated
102 may include any type of circuit that is configured to implement multiple trim codes as
calibration parameters for corresponding components, such as resistors and capacitors.
Accordingly, the circuit to be calibrated 102 may be configured such that some of the components
included in the circuit are capable of being calibrated. For example, the resistance of a resistor
and/or the capacitance of a capacitor in the circuit to be calibrated 102 may be configurable. In
some embodiments, in order to optimize the performance of circuit to be calibrated 102 and/or to
meet specifications set for the circuit to be calibrated 102, these parameters may be fine-tuned (i.e.,
the values of the parameters for the corresponding components may be changed to optimize and/or

meet performance specifications).
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[0013] Simplex circuit 112 may be a hardware circuit that is configured to generate multiple trim
codes simultaneously, such as trim codes 122-126 that may make up trim code family 120. The
ellipsis between the trim codes 124 and 126 indicates that the trim code family 120 may include
any suitable number of trim codes, although, for clarity, only two are shown. Each trim code
122-126 may include a calibration parameter for a specific component within circuit to be
calibrated 102. Thus, trim code 122 may be representative of a calibration parameter (e.g., a
resistance or capacitance) for a specific component (e.g., a resistor or capacitor) in the circuit to be
calibrated 102. Similarly, trim code 124 may be representative of a calibration parameter for a
different specific component than the trim code 122 in circuit to be calibrated 102. For example,
trim code 122 may be representative of a resistance of a resistor in the circuit to be calibrated 102
while trim code 124 may be representative of a capacitance for a capacitor in the circuit to be
calibrated 102.

[0014] In an embodiment, in a first iteration, simplex circuit 112 may generate random trim
codes 122-126 that make up trim code family 120. This initial set of trim codes 122-126 are set in
their respective registers of the testing circuit 100. Circuit to be calibrated 102 then may read the
initial trim codes 122-126 and apply those parameters to their corresponding components. For
example, the value of the trim code 122 may be read into the circuit to be calibrated 102. If that
value is representative of the resistance of a resistor in the circuit to be calibrated 102, then the
circuit to be calibrated 102 will set that resistor to the resistance called for by trim code 122.
Similarly, if the value of the trim code 124 is representative of the capacitance of a capacitor in the
circuit to be calibrated 102, then the circuit to be calibrated 102 will read the trim code 124 and set
the capacitor to the capacitance called for by trim code 124.

[0015] After the parameters called for by the trim codes 122-126 are applied, the circuit to be
calibrated 102 may produce various outputs. For example, the circuit to be calibrated 102 may
produce an output signal due to the implementation of each of the trim codes 122-126. This output
signal or signals may correspond to two alternatives which may be applicable: (i) two or more trim
codes controlling a single output; or (ii) two or more trim codes controlling two or more outputs.
Thus, in an embodiment, one output signal may correspond with an output of a first component of
circuit to be calibrated 102 while a second output signal may correspond with an output for a
second component of circuit to be calibrated 102. We may have to put this in the appropriate place

with suitable rewording. In some embodiments, ADC 104, which may be any type of ADC,



WO 2017/106830 PCT/US2016/067501

converts these output signals, which in an embodiment are analog (i.e., a continuous time and
continuous amplitude signal) into digital output signals. In alternative embodiments, ADC 104 is
not required, and the output signals from the circuit to be calibrated 102 are not required to be
converted (i.e., because those signals are already digital signals). These output signals, whether
converted by ADC 104 or not, may be termed actual output 106 which is received by error
generation circuit 110. Expected output 108 is also received by the error generation logic 110.
The expected output 108 may be any predefined output that a user desires the circuit to be
calibrated 102 to produce in operation. For example, the expected output 108 may be an optimal
output and/or an output that meets specifications for the circuit to be calibrated 102. Also, the
expected output 108, like the actual output 106, may include multiple outputs. Therefore, the
expected output 108 may include an expected output for the first component of circuit to be
calibrated 102 and an expected output for a second component of circuit to be calibrated 102.
[0016] The error generation logic 110 receives both the actual output 106 and the expected
output 108. The error generation logic 110 may be any hardware that is configured to generate an
error signal based on the difference between the actual output 106 and the expected output 108. In
some embodiments, a single error value is generated by error generation circuit 110. If only a
single actual output 106 and single expected output 108 are received by error generation logic 110,
then error generation logic 110 may subtract the actual output 106 from the expected output to
generate the error value. However, if multiple actual outputs 106 and multiple expected outputs
108 are received by error generation logic 110 at once, then error generation logic 110 generates an
error value that is representative of all of the outputs. For example, e; may represent an error value
for the actual output of a first component while e, represents an error value for the actual output of
a second component. These may be determined by error generation logic 110 as follows:
€1 = OUlPULleypy — OULPULGeryaln €y = OUlPULeypy — OULPUL G ryarn
where output,,, is the expected output value for the first component, output ety q1q 1s the actual

output value for the first component, output,y,, is the expected output value for the second

component, and output,.1yq12 18 the actual output value for the second component. Because the
error values e; and e, may be caused by different component types (e.g., resistors, capacitors), the
resulting error values may be based on different units of measurement. Thus, the error values e;
and e, may be normalized. Furthermore, a user may consider the output of one component to be

more important than the output of a second component. Therefore, the error values e; and e, may
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also be weighted, so that the single error value generated by error generation circuit 110 represents
an overall error of the circuit to be calibrated 108. This single error value may be determined by

error generation logic 110 as follows:

Cerf = Vwi(nye0)? + wy(nye)? + -

where e.ff is the single error value, wy is the weight factor for the first error value, n, is the
normalization factor for the first error value, w, is the weight factor for the second error value, and
n, is the normalization factor for the second error value. An error signal representative of the
single error value than may be transmitted to the simplex circuit 112 as a function f. The simplex
circuit 112 may compare the error value contained in the error signal with a threshold value. If the
error value is less than the threshold value, then the simplex circuit 112 identifies the trim codes of
trim code family 120 as the calibrated trim codes for the circuit to be calibrated 102. The threshold
value, in an embodiment, is based on an optimized output and/or an output that meets
specifications. Thus, if the error value is less than the threshold value, the trim codes in trim code
family 120 provide sufficient optimization and/or meet specifications for the circuit to be calibrated
102, so those trim codes may be used in the circuit to be calibrated 102, and the calibration routine
may end.

[0017] However, in the event that that the error value exceeds the threshold value, in an
embodiment, the simplex circuit 112 may generate multiple additional random and/or uncorrelated
trim codes as trim code families. Each trim code family is then implemented by the circuit to be
calibrated 102, and an error signal is generated by error generation logic 110 as described
hereinabove for each of the trim code families implemented by the circuit to be calibrated 102.
Also, the simplex circuit 112 may compare each of the error values of the error signals with the
threshold value to determine whether the calibrated trim codes have randomly been generated.
However, if the threshold value is exceeded in each of the randomly generated trim code family
implementations, then a simplex algorithm may be performed to optimize the trim codes. In an
embodiment, the simplex circuit 112 generates three sets of random trim code families, so the
simplex circuit 112 receives three error signals f from the error generation circuit 110 before the
simplex circuit 112 implementing a simplex algorithm to optimize the trim codes generated. In
alternative embodiments, two or more random sets of trim code families are generated by simplex
circuit 112 before the simplex algorithm being implemented by the simplex circuit 112. In some

embodiments, the error value contained in the error signal is not compared with the threshold value
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until all of the error signals corresponding to the randomly generated trim codes are generated by
error generation logic 110. For example, the simplex circuit 112 may only compare the error
values contained in the error signal after the error generation logic 110 has generated error signals
for each of three randomly generated trim code families. The simplex circuit then may compare
the error values for each of the error signals to the threshold value to determine if any of the three
trim code families comprise the calibrated trim codes.
[0018] FIG. 2 shows a block diagram of simplex circuit 112 in accordance with various
embodiments. Simplex circuit 112 may include ordering logic 202, centroid calculation logic 204,
and transformation logic 206. Ordering logic 202, which may be any type of hardware, may
receive the error signals f generated by the error generation logic 110 corresponding to the actual
outputs 106 generated by circuit to be calibrated 102 due to the randomly generated trim codes.
The ordering logic 202 may be configured to arrange each of these error signals f in an order
where the best error signal (i.e., error signal where the error value is the least) and/or the worst
error signal (i.e., error signal where the error value is the greatest) are able to be determined.
[0019] Also, the ordering logic 202 may be configured to generate a simplex structure using the
randomly generated trim codes as vertices. For example, if trim code family 120 contains two trim
codes 122 and 124, trim code 122 may make up the x-coordinate of a vertex x; of the simplex
structure while the trim code 124 may make up the y-coordinate of the same vertex y; of the
simplex structure. Thus, the error signal for the actual output 108 caused by trim codes 122 and
124 is f(x4,y1). If three sets of random trim codes are initially received by ordering logic 202,
then the three vertices of the simplex structure are:
(1, Y1), (X2, ¥2), (X3, ¥3)

where x, 1s the second random trim code for the same component as x4, y, is the second random
trim code for the same component as y;, X3 is the third random trim code for the same component
as x1, and y3 is the third random trim code for the same component as y,. Accordingly, the
corresponding error signals are represented by the functions:

[ y1), (X2, ¥2), f (%3, ¥3)
In this example, ordering logic 202 may arrange the vertices (x4, V1), (X2, ¥2), (x3, y3) with respect
to their function values f(x1,¥1), f(x2,¥2), f(x3,V3) in order from the best error signal to the
worst error signal. Because two trim codes are represented in this example, the vertices of the

simplex structure are in two dimensional space. In alternative examples, where more than two trim
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codes are implemented in the circuit to be calibrated 102 at a time (e.g., n trim codes), the simplex
structure may be represented in the number of trim codes implemented dimensional space (e.g.,
n-dimensional space). Accordingly, the simplex structure for n trim codes may be represented in
n-dimensional space.
[0020] Centroid calculation logic 204 may be hardware configured to calculate the centroid of
the simplex structure minus the vertex corresponding to the worst error signal (i.e., the geometric
center of a simplex structure that has all of the vertices arranged by ordering logic 202 except for
the vertex corresponding to the worst error signal). For example, centroid calculation logic 204
may be configured to calculate the centroid of the simplex structure formed by the vertices
(%1, v1), (x2,V2), (x3,y3), where (x4, y;) corresponds to the vertex corresponding to the best error
signal and (x3,y3) corresponds to the vertex corresponding to the worst error signal, by
determining the geometric center of the simplex structure formed by (x;,y;) and (x,, y,).
[0021] The transformation logic 206 may be any hardware that is configured to reflect, expand,
contract and/or reduce one or more of the vertices of the simplex structure in order to generate an
additional trim code family. The transformation logic 206 then may transmit the generated trim
code family to the circuit to be calibrated 102 for implementation by the circuit to be calibrated
102.
[0022] More particularly, transformation logic 206 may be configured to reflect the vertex of the
simplex structure corresponding to the worst error signal. For example, if the ordering logic 202
has arranged f (x3, y3) as the worst error signal, then the vertex (x3, y3) is reflected because points
closer to (xq,y;) and (x,,y,) have a better error signal than (x3,y3). In an embodiment, the
vertex corresponding to the worst error signal is reflected linearly along the centroid. For example,
the point where the vertex with the worst error signal (e.g., (x3,y3)) is reflected may be
determined as follows:

(Xr1,Yr1) = (xo + a(xe — x3)), o + a(yo — ¥3))
where (x,4, V1) is the point where the vertex is to be reflected linearly along the centroid, x is the
x-coordinate of the centroid, y, is the y-coordinate of the centroid, and « is a multiplication factor
of the reflection. In some examples, a is a predetermined multiplication factor that is
preprogrammed into the transformation logic 206 (e.g., 1).
[0023] In an alternative embodiment, transformation logic 206 may be configured to reflect the

vertex of the simplex structure corresponding to the worst error signal in a direction of local slope
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of the first simplex structure. For example, as shown in FIG. 3 which is an example simplex
structure in accordance with various embodiments, a three dimensional structure may be defined

by vertices at: (X1, ¥1, f (X1, 1)) (vertex A), (x2, y2, (%2, y2)) (vertex B), and (x3, y3, f(x3,¥3))
(vertex C) with the function value f plotted along z-axis. The normal to the plane defined by ABC

is defined by AB x AC. Furthermore,

AB = (x; —x)t+ (v, —yf + (2 — fk
AC = (x5 —x)i+ (y3 —y)f + (fs — fk

-~

. i J k
ABXAC = |(x; —x1) (2—v1) (2—f)
(x3—x1) (s—y0) (f5—11)

= [z —y)(fs — 1) — vz =y (fa = fIT — [(x2 — x)(f3 —
f1) = (s —x)(fo = fO + [Ge2 = x) (3 = ¥1) — (3 —x) (¥, —
y)lk .
Accordingly, the equation of the plane ABC is:
[y —=y)(fz = f1) = s —y)(fz = flx — [ —x)(fs — f1) —
(xz —x)(f2 = fOly + [(2 =x) (Y3 —y1) — (3 —x) (2 —yIIf (x,y) = c.
This allows the expression for f to be determined as:
fCxy)
_¢~ [V, =y (3 — f1) — s —y) (2 — flx + [(e —x)(fs — f1) — (e —x) (2 — fD)ly
[(x; —x) (Y3 —y1) — (3 — x) (Y2 — y1)]
Calculating the gradient of f(x, y) gives the vector pointing in the direction of local slope as:
Vit y) = (Vi V)

B <0f af )

~ \ox’ady

— ( [s=y D)= f)=02=y) (=)l =21 (5= f1)— (3 —x1)(fo—f1)] )
[(xz_x1)(J/3_Y1)—(x3_x1)(J/2_Y1)]’ [(x2—%1) (3 —y1)— (03 —x1)Y2—y1)1/

Ifk = [(x2 —%:)(ys = y1) — (x5 = %1)(y2 — y1)], then:
(kVfe, kVf,)
= (s —y)(a = f) = 2 =y (s = L [(x2 = x)(f5 = f)
— (3 — ) (fo — f)D
Because in this example, f(xy, 1) < f(x2,¥,) < f(x3,¥3) (1.e., (x3,¥3) 1s the worst error signal

and f(xq,y;) 1s the best error signal), —Vf makes an angle between unit vectors Uy, (the unit
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vector between the centroid O (the centroid O being the geometric center of the simplex structure
formed by all of the vertices A, B, C of the simplex structure) and the vertex A) and U, (the unit
vector between the centroid O and the mid-point between vertexes A and B (E)). The reflection of
the centroid of the triangle O along —Vf intersects AB between u,, and Ugg.

To find the point of intersection P(xp, yp) of —Vf on AB:

Equation of OR : y=Yo+ zﬂ (x —x0)
Equation of AB : y =y, +224 (x —X1)
(xp, yp)

f Vf,
(y1 — 3’0)"‘ f %2_32 1 nyJ’1 2_;}1 (Yo +x1 — Xp)

Viy va-y Vi va-w
fo x2 xl fo x2 xl

The vertices of the new centroid along —Vf across line AB is given by:

(xor»J’or) = (xp + (xp — x0),¥p + (¥p — Xp)).

From this, the vertices of the reflection point R are calculated as:
(X2, Yr2) = (3x0r — X1 — X2, 33’0r — X1 — xz)

= (6xp —2x; — 2%y — X3,6Yp — 2y1 — 2Y2 — V3)

29 fr(x3—21)2y1=y2—y3)+2V Sy (=21 )1 +2x2+%3) =6V forx1 (V2 —¥1)
Viy (s —x1)-Vfx(y2-y1)

6V [y (x5 =21 )y1+2V (2%, =% =23+ Y1 Y2 +¥3) (V2 —y1)
ny(xz—x1)—vfx(.3/2—3h)

—2x; — 2%, — X3,

—2y1— 2y, — Y3

In this way, the transformation logic 206 may reflect the vertex of the simplex structure
corresponding to the worst error signal in a direction of local slope of the first simplex structure to
create a new simplex structure. As described hereinabove, while only two dimensions are shown
in this example, the reflection point may extend to and be calculated from any number of
dimensions. For example, the reflection point could be represented by (x,2, V2, Zr2) and
calculated in a similar manner as noted for the two dimensional (X2, V).

[0024] Because the vertices of new simplex structure, using (x,,, ¥,2) as one of the vertices,
may be close to a linear arrangement which might hinder further transformations, if the slope of the
newly calculated vertex is less than a threshold value to the slope of one of the sides of the new
simplex structure (the slope comparison value), the transformation logic 206 may not, in an

embodiment, use (x,,,V,,) as the reflection point, but instead may use (x,,y,;) as calculated

10
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above. More specifically, transformation logic 206, in an embodiment, may determine the

reflection point (x,., y,-) as:

m; —m,

(%r1, Yr1)) tan~" Othresn
) = T 1+mym, res
rJr/ = m; —m
(err }’rz)» tan_l ! 2 = Bthresh
1+mm,

where 6 is the slope comparison value.
[0025] If the reflection point (x,, y,.) corresponds to trim codes that produce an error signal that
is not the best error signal, but is not the worst error signal, such that f(x;,y;) < f(x,, y) <
f(x3,v3). The reflection point (x,,y,) replaces the worst point (x3,y3) and provides the new
point that ordering logic arranges from best to worst or worst to best. For example, the reflection
point (x,,y,) provides the trim codes that may be implemented by circuit to be calibrated 102
(e.g., x, being the trim code for the first component and y, being the trim code for the second
component). The test circuit 100 then repeats the process of generating another actual output 108,
generating another error signal, determining whether the new trim codes are the calibrated trim
codes, and if the new trim codes are not the calibrated trim codes, arranging the error signals from
best to worst or worst to best.
[0026] If the reflection point (X, V;-) corresponds to trim codes that produce the best error signal
of all previous error signals, such that f(x,, v,) < f(x1,v1) < f(x2,¥2) < f(x3,¥3), then the
reflection produced trim codes that produces an actual output 106 closer to the expected output
108. Thus, in an embodiment, the transformation logic 206 may expand the reflected point to
move the reflected point further in the same direction. In an embodiment, the reflected point
(x,, y) is expanded linearly along the centroid as follows:

(Xe1, Yer) = (%0 + B(xo — %3)), (Vo + B0 — ¥3))
where (X,q,V.1) is the point where the reflected vertex is to be expanded linearly along the
centroid, x, 1s the x-coordinate of the centroid, y, is the y-coordinate of the centroid, and £ is a
multiplication factor of the expansion. In some examples, § is a predetermined multiplication
factor that is preprogrammed into the transformation logic 206 that is larger than the multiplication
factor a (e.g., 2). In an alternative embodiment, transformation logic 206 may be configured to
expand the reflected vertex (x,,y,) in a direction of local slope of the first simplex structure.
Similar, to the reflection created by (x,, y,2) above, the expansion in the direction of the local

slope of the first simplex structure may be determined as follows:
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(err Yez)

3V (2 —x1)2y1—Y2—Y3)+3V [y (%2 —x1 ) (01 +x2+x3) =9V frx1 (Y2 —¥1) _
ny(xz_xﬂ_vfx(.VZ—)ﬁ)

OVfy (2 —x1)¥1+3Vf QX1 —X2—X3+Y1+Y2+¥3) V2 —y1)
ny(xz—x1)—vfx(YZ—Y1)

3xy — 3%, — 2x3,

3y1 — 3y, — 2y3

As described hereinabove, while only two dimensions are shown in this example, the expansion
point may extend to and be calculated from any number of dimensions. For example, the
expansion point could be represented by (X,2, Vo2, Ze2) and calculated in a similar manner as noted
for the two dimensional (x,,, y.,). Because the vertices of new simplex structure, using (X5, Ve2)
as one of the vertices, may be close to a linear arrangement which might hinder further
transformations, if the slope of the newly calculated vertex is less than a threshold value to the
slope of one of the sides of the new simplex structure (the slope comparison value), the
transformation logic 206 may not, in an embodiment, use (X,,, Y.2) as the expansion point, but
instead may use (x,1, Ye1) as calculated above. The slope comparison value may be a relationship
between the slope of a line from one of the vertices of the simplex structure to the second vertex
and the slope of another of the sides of the new simplex structure. Thus, transformation logic 206,

in an embodiment, may determine the expansion point (x,, y.) as:

m; —my

Xo1, , tan™?! 2
(x y ) B ( el yel) 1 +m1m2 thresh
erres 1| MMy
(Xe2, Ve2),  tan™! Tl 2 Othresh
1M,

where 0 is the slope comparison value. The expansion point (X.q1, Ve1), (Xe2, Ye2), of (Xe, Ve)
provides the new trim codes that may be implemented by circuit to be calibrated 102 (e.g., x,
being the trim code for the first component and y, being the trim code for the second component).
The test circuit 100 then repeats the process of generating another actual output 108, generating
another error signal, determining whether the new trim codes are the calibrated trim codes, and if
the new trim codes are not the calibrated trim codes, arranging the error signals from best to worst
or worst to best. Transformation logic 206 may continue to expand the newly created points until
either a determination is made that the trim codes are the calibrated trim codes or that the newly
created point does not correspond to the best error signal.

[0027] If the reflected point (x,, y;-) or expansion point (x,,V,) corresponds to trim codes that
produce the worst error signal of all previous error signals, such that f(x1,y7) < f(x2,¥2) <

f(x3,v3) < f(xr,y,), then the reflection produced trim codes that produces an actual output 106
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further from the expected output 108. Thus, in an embodiment, the transformation logic 206 may
contract the worst point before the reflection (e.g., (x3,y3)) toward the centroid. For example, the
contraction point where the vertex with the worst error signal (e.g., (x3, ¥3)) is contracted may be
determined as follows:

(X, Ye) = %o + p(xo — x3)
where (x.,y,) is the point where the vertex is to be contracted toward the centroid, x, is the

x-coordinate of the centroid, y, is the y-coordinate of the centroid, and p is a multiplication factor
of the contraction (in some embodiments p = —%). If the contraction point (x.,y.) provides a

point better than the worst point, the contraction point (x., y.) replaces the worst point (x3,y3)
and provides the new point that ordering logic arranges from best to worst or worst to best. For
example, the contraction point (x.,y,) provides the new trim codes that may be implemented by
circuit to be calibrated 102 (e.g., x. being the trim code for the first component and y, being the
trim code for the second component). The test circuit 100 then repeats the process of generating
another actual output 108, generating another error signal, determining whether the new trim codes
are the calibrated trim codes, and if the new trim codes are not the calibrated trim codes, arranging
the error signals from best to worst or worst to best.

[0028] If the contraction point (x.,y,) corresponds to trim codes that produce the worst error
signal (e.g., the error signal generated by the trim codes produced by the contraction point is
arranged as follows: f(x1,v1) < f(x2,¥2) < f(x3,¥3) < f(xsY:)), in an embodiment, the
transformation logic 206 may iteratively reduce the non-best points towards the point
corresponding with the best error value. Continuing this example, the (x,, y,)point and (x3,y3)
may be moved towards the (x4, y;) point that corresponding to the best error signal as follows:

(Xg,Vq) =% +0(x; —xy) forallie {2,..,n+ 1}
where (x4,y4) are the points where the vertex is to be contracted toward the centroid, x; is the

x-coordinate of the vertex corresponding to the best error value, x; is the x-coordinate of all of the
other vertices, and o is a multiplication factor of the reduction (in some embodiments ¢ = %). The

reduced points (xg4,y;) provide the new trim codes that may be implemented by circuit to be
calibrated 102 (e.g., x4 being the trim code for the first component and y, being the trim code for
the second component). The test circuit 100 then repeats the process of generating another actual

output 108, generating another error signal, determining whether the new trim codes are the
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calibrated trim codes, and if the new trim codes are not the calibrated trim codes, arranging the
error signals from best to worst or worst to best.

[0029] The transformation logic 206 continues to reflect, expand, contract and/or reduce the
points of the simplex structure until the error value becomes less than the threshold value, thereby
revealing the calibrated trim codes. While the reflection, expansion, contraction, and reduction
process has been described in a specific order, in alternative embodiments, the transformation logic
206 may perform any of reflection, expansion, contraction, and reduction in any order.

[0030] FIG. 4 shows a flow diagram of a method 400 for calibrating a circuit, such as circuit to
be calibrated 102, in accordance with various embodiments. FIG. 5 shows a flow diagram of a
method 500 for transforming a vertex in accordance with various embodiments. Though depicted
sequentially as a matter of convenience, at least some of the actions shown in methods 400 and 500
can be performed in a different order and/or performed in parallel. Also, some embodiments may
perform only some of the actions shown or may perform additional actions. In some
embodiments, at least some of the operations of the methods 400 and 500, and other operations
described herein, can be performed by circuit to be calibrated 102, error generation circuit 110,
and/or simplex circuit 112 implemented by a processor executing instructions stored in a
non-transitory computer readable storage medium or a state machine.

[0031] The method 400 begins in block 402 with generating a first plurality of error signals. In
an embodiment, error generation circuit 110 may generate the error signals by determining one or
more differences between an expected output, such as expected output 108, and an actual output,
such as actual output 106, from a circuit to be calibrated, such as circuit to be calibrated 102,
undergoing calibration to determine an error value. The actual output may be generated through
the implementation of trim codes, such as trim codes 122-126 of trim code family 120 by the
circuit to be calibrated. In some embodiments, the first plurality of error signals comprises three
error signals created by the three actual outputs generated by the circuit to be calibrated
implementing three different trim code families. In block 404, the method 400 continues with
arranging the error signals such that the worst error signal (i.e., error signal where the error value is
the greatest) is established. In some embodiments, the error signals may be arranged from best
(i.e., error signal where the error value is the least) to worst or from worst to best. The simplex

circuit 112 may arrange the error signals.
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[0032] The method 400 continues in block 406 with generating, in some embodiments by
simplex circuit 112, a first simplex structure. The first simplex structure may be generated using
trim code values that were implemented by the circuit to be calibrated, such as circuit to be
calibrated 102, to generate the actual output, such as actual output 106, which was used to generate
the error signals as the coordinates of the vertices of the simplex structure. For example, the trim
codes of a single trim code family, such as trim code family 120, may comprise the coordinates for
one of the vertices of the first simplex structure. More specifically, one trim code of the trim code
family may comprise the x-coordinate of a first vertex of the first simplex structure while a second
trim code in the trim code family may comprise the y-coordinate of the first vertex of the first
simplex structure. The trim codes of additional trim code families may comprise the coordinates of
the remaining vertices of the first simplex structure.

[0033] In block 408, the method 400 continues with calculating, in some embodiments by
simplex circuit 112, a centroid of the first simplex structure minus the vertex corresponding to the
worst error signal. Thus, this centroid may comprise the geometric center of the first simplex
structure without the vertex corresponding to the worst error signal. The method 400 continues in
block 410 with transforming, in some embodiments by simplex circuit 112, a first vertex of the
first simplex structure to generate a plurality of trim codes. The transforming may include
reflecting, expanding, contracting, and/or reducing one of the vertices of the first simplex structure.
For example, if the error signal corresponding to the first vertex of the first simplex structure is
arranged as the worst error signal, then the first vertex may be reflected across the simplex
structure. In some embodiments, this reflection may comprise reflecting the first vertex linearly
along the centroid. In alternative embodiments, this reflection may comprise reflecting the first
vertex in a direction of local slope of the first simplex structure. This transforming determines a
new vertex for the simplex structure.

[0034] In block 412, the method 400 continues with transmitting, in some embodiments by the
simplex circuit 112, additional trim codes to the circuit to be calibrated, such as circuit to be
calibrated 102. The new vertex of the simplex structure determined by the transformation in block
410 may include the additional trim codes. For example, the x-coordinate of the new vertex may
be one of the additional trim codes while the y-coordinate of the new vertex may be another of the
additional trim codes. The circuit to be calibrated 102 then, in some embodiments, may implement

the additional trim codes, thereby generating an additional actual output. The method 400
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continues in block 414 with generating, in some embodiments by error generation circuit 110, an
additional error signal. After the circuit to be calibrated 102 generates the additional actual output,
the error generation circuit 110 may generate an additional error signal based on the differences
between the expected output and the additional actual output. These differences may make up the
error value that is included in the additional error signal.

[0035] In block 416, the method 400 continues with determining, in some embodiments by
simplex circuit 412, whether the error value contained in the additional error signal is less than a
threshold value. If in block 416 a determination is made that the error value contained in the
additional error signal is less than the threshold value, then the method 400 continues in block 418
with identifying, in some embodiments by simplex circuit 112, the additional trim codes (i.e., the
trim codes of the last trim code family implemented by the circuit to be calibrated) as the calibrated
trim codes. The calibrated trim codes then may be implemented by the calibrated circuit for
operation and may be considered optimized.

[0036] However, if a determination is made (in block 416) that the error value contained in the
additional error signal is not less than the threshold value, then the method 400 continues in block
420 with arranging, in some embodiments by simplex circuit 112, the additional error signal with
the previously generated error signals such that the worst error signal and/or best error signal is
established. In block 422, the method 400 continues with generating, in some embodiments by
simplex circuit 112, a second simplex structure. The second simplex structure may include the
vertices of the first simplex structure along with the previously transformed new vertex. The
method 400 continues in block 424 with calculating, in some embodiments by simplex circuit 112,
the centroid of the second simplex structure. The method 400 continues in block 426 with
transforming, in some embodiments by simplex circuit 112, one of the vertices of the second
simplex structure to generate a plurality of additional trim codes. The transforming may include
reflecting, expanding, contracting, and/or reducing one of the vertices of the first simplex structure.
The method 400 then may continue in block 412 with transmitting the additional trim codes to the
circuit to be calibrated for implementation.

[0037] FIG. 5 shows a flow diagram of a method 500 for transforming a vertex in accordance
with various embodiments. The method 500 begins in block 502 with reflecting, in some
embodiments by simplex circuit 112, a vertex of a simplex structure in the direction of local slope

of the simplex structure to produce a second vertex. In block 504, the method 500 continues with
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generating a slope comparison value. The slope comparison value may be a relationship between
the slope of a line from one of the vertices of the simplex structure to the second vertex and the
slope of another of the sides of the new simplex structure.

[0038] The method 500 continues in block 506 with a determination, in some embodiments by
simplex circuit 112, of whether the slope comparison value is or exceeds a threshold value. If in
block 506 a determination is made that the slope comparison value exceeds the threshold value,
then the method 500 continues in block 508 with generating, in some embodiments by simplex
circuit 112, new trim codes based on the second vertex (e.g., the coordinates of the second vertex
are the new trim codes). However, if in block 506 a determination is made that the slope
comparison value does not exceed the threshold value, then the method 500 continues in block 510
with reflecting, in some embodiments by simplex circuit 112, the original vertex linearly along the
centroid to produce a third vertex. In block 512, the method 500 continues with generating, in
some embodiments by simplex circuit 112, new trim codes based on the third vertex (e.g., the
coordinates of the third vertex are the new trim codes).

[0039] Modifications are possible in the described embodiments, and other embodiments are

possible, within the scope of the claims.

17



WO 2017/106830 PCT/US2016/067501

CLAIMS
What is claimed is:
1. A test circuit, comprising:

a circuit to be calibrated configured to implement a first plurality of trim codes as
calibration parameters for a corresponding plurality of components of the circuit to be calibrated
and generate a first actual output;

an error generation circuit configured to generate a first error signal based on a difference
between the first actual output and an expected output of the circuit to be calibrated; and

a simplex circuit configured to receive the first error signal from the error generation
circuit, generate a second plurality of trim codes using a simplex algorithm based on the first error
signal, and transmit the second plurality of trim codes to the circuit to be calibrated.

2. The test circuit of claim 1, wherein the simplex circuit is further configured to compare an
error value in the first error signal to a threshold value, and based on the error value being less than
the threshold value, identify the first plurality of trim codes as calibrated trim codes for the circuit
to be calibrated.

3. The test circuit of claim 1, wherein:

the circuit to be calibrated is further configured to implement the second plurality of trim
codes as calibration parameters and generate a second actual output;

the error generation circuit is further configured to generate a second error signal based on
a difference between the second actual output of the circuit to be calibrated and the expected
output; and

the simplex circuit is further configured to receive the second error signal from the error
generation logic, generate a third plurality of trim codes using the simplex algorithm based on the
second error signal, and transmit the third plurality of trim codes to the circuit to be calibrated.

4. The test circuit of claim 1, wherein:

each of the plurality of components of the circuit to be calibrated is configured to generate
a corresponding actual output; and

the error generation logic is further configured to assign a weight factor to each of the
corresponding actual outputs and generate an error value corresponding to the first error signal

based on the weight factor assigned to each of the corresponding actual outputs.
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5. The test circuit of claim 1, wherein the simplex algorithm causes the simplex circuit to:

generate a first simplex structure comprising a plurality of vertices, a plurality of
coordinates of one of the plurality of vertices corresponding to the plurality of trim codes;

calculate a centroid of the first simplex structure; and

transform a first vertex of the first plurality of vertices to generate the second plurality of
trim codes.
6. The test circuit of claim 5, wherein the simplex circuit is configured to transform the first
vertex by:

reflecting the first vertex in a direction of local slope of the first simplex structure to
produce a second vertex;

generating a slope comparison value by comparing a slope of the second vertex with a
slope of one side of the first simplex structure;

based on the slope comparison value exceeding a threshold value, generating the second
plurality of trim codes based on the second vertex; and

based on the slope comparison value being less than the threshold value: reflecting the first
vertex linearly opposite the centroid of the first simplex structure to produce a third vertex; and
generating the second plurality of trim codes based on the third vertex.
7. The test circuit of claim 5, wherein the first vertex corresponds to the error signal of the
first plurality of error signals having a worst error value.
8. The test circuit of claim 5, wherein the simplex circuit is configured to transform the first
vertex by expanding the first vertex in a direction of local slope of the first simplex structure to
produce a second vertex and generating the second plurality of trim codes based on the second
vertex.
9. The test circuit of claim 5, wherein the simplex circuit is configured to transform the first
vertex by contracting the first vertex toward the centroid to produce a second vertex and generating
the second plurality of trim codes based on the second vertex.
10. A method for calibrating a circuit comprising:

generating a first plurality of error signals based on differences between a plurality of
expected outputs from a circuit to be calibrated and a plurality of actual outputs from the circuit to

be calibrated implementing a first plurality of trim codes;
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generating a first simplex structure comprising a plurality of vertices corresponding to the
first plurality of trim codes;

calculating a centroid of the first simplex structure;

transforming a first vertex of the first plurality of vertices to generate a second plurality of
trim codes; and

transmitting the second plurality of trim codes to the circuit to be calibrated for
implementation.
11. The method of claim 10, further comprising:

generating an additional error signal based on a difference between the expected output
from the circuit to be calibrated and an additional actual output of the circuit to be calibrated
implementing the second plurality of trim codes; and

generating a second simplex structure comprising a plurality of vertices corresponding to
the first plurality of trim codes and the second plurality of trim codes;

calculating a centroid of the second simplex structure; and

transforming a second vertex of the second plurality of vertices to generate a third plurality
of trim codes.
12. The method of claim 11, further comprising:

comparing an error value of the additional error signal to a threshold value; and

based on the error value being less than the threshold value, identifying the second plurality
of trim codes as calibrated trim codes for the circuit to be calibrated.
13. The method of claim 10, wherein the transforming a first vertex comprises:

reflecting the first vertex in a direction of local slope of the first simplex structure to
produce a second vertex;

generating a slope comparison value by comparing a slope of the second vertex with a
slope of one side of the first simplex structure;

based on the slope comparison value exceeding a threshold value, generating the second
plurality of trim codes based on the second vertex; and

based on the slope comparison value being less than the threshold value: reflecting the first
vertex linearly opposite the centroid of the first simplex structure to produce a third vertex; and

generating the second plurality of trim codes based on the third vertex.
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14. The method of claim 10, wherein the transforming a first vertex comprises expanding the
first vertex in a direction of local slope of the first simplex structure.
15. The method of claim 10, wherein the transforming a first vertex comprises contracting the
first vertex toward the centroid.
16. A simplex circuit, comprising:

ordering logic configured to receive a first plurality of error signals and generate a first
simplex structure comprising a first plurality of vertices, each of the first plurality of error signals
generated based on differences between a plurality of expected outputs from an circuit to be
calibrated and a plurality of actual outputs from the circuit to be calibrated implementing a first
plurality of trim codes;

centroid calculation logic configured to identify a centroid of the first simplex structure;
and

transformation logic configured to reflect, expand, contract, or reduce a first vertex of the
first plurality of vertices to generate a second plurality of trim codes and transmit the second
plurality of trim codes to the circuit to be calibrated for implementation;

wherein each of the first plurality of vertices corresponds with one of the first plurality of
trim codes.
17. The simplex circuit of claim 16, wherein the transformation logic is configured to reflect
the first vertex linearly opposite the centroid of the first simplex structure.
18. The simplex circuit of claim 16, wherein the transformation logic is configured to reflect
the first vertex in a direction of local slope of the first simplex structure.
19. The simplex circuit of claim 16, wherein:

the ordering logic is further configured to receive an additional error signal generated based
on a difference between the expected output from the circuit to be calibrated and an additional
actual output from the circuit to be calibrated implementing the second plurality of trim codes and
generate a second simplex structure comprising a second plurality of vertices;

the centroid calculation logic is further configured to identify a centroid of the second
simplex structure; and

the transformation logic is further configured to reflect, expand, contract, or reduce a
second vertex of the second plurality of vertices to generate a third plurality of trim codes and

transmit the third plurality of trim codes to the circuit to be calibrated for implementation.

21



WO 2017/106830 PCT/US2016/067501

20. The simplex circuit of claim 16, wherein the ordering logic is further configured to arrange
the first plurality of error signals such that a worst error signal is established and wherein the first
vertex corresponds to the error signal of the first plurality of error signals having a worst error

value.
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