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ABSTRACT

A system and method for low-cost performance and compliance testing of local oscillators and transmitters for wireless RF applications. A preferred embodiment comprises
observing a digital signal from within an RF circuit, manipulating the signal with digital signal processing techniques,
and determining if the RF circuit passes a test based upon
results from the manipulating. Since the signal is clocked at
a much lower frequency than an RF output of the RF circuit
and the manipulation is performed digitally, testing can be
performed at different stages of the production cycle and
expensive test equipment can be eliminated.
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RADIO FREQUENCY BUILT-IN SELF TEST FOR
QUALITY MONITORING OF LOCAL
OSCILLATOR AND TRANSMITTER

done to help diagnose performance issues that may arise
during actual use, which may not be reproducible in the
factory.

[0001] This application claims the benefit of U.S. Provisional Application No. 60/441,080, filed on Jan. 17,2003,
entitled "Type-II All-Digital PLL in Deep-Submicron
CMOS", which application is hereby incorporated herein by
reference.

SUMMARY OF THE INVENTION

CROSS-REFERENCE TO RELATED
APPLICATIONS
[0002] This application is related to the following copending and commonly assigned patent applications: Ser.
No. 09/728,180, filed Dec. 1, 2000, entitled "Digital PLL
with Gear Shift," Ser. No. 10/464,957, filed Jun. 19, 2003,
entitled "Type-II All-Digital Phase-Locked Loop (PLL),"
and Ser. No. 10/464,982, filed Jun. 19,2003, entitled "FineGrained Gear-Shifting of a Digital Phase-Locked Loop
(PLL)" which applications are hereby incorporated herein
by reference.
TECHNICAL FIELD
[0003] The present invention relates generally to a system
and method for digital wireless radio frequency (RF) applications, and more particularly to a system and method for
low-cost performance and compliance testing of local oscillators and transmitters for wireless RF applications.
BACKGROUND
[0004] The continued development of circuit integration
technology has allowed for an unprecedented degree of
scaling and integration of digital circuitry. Large scale
integrated circuits (Ie) can allow for an overall reduction in
the cost of the applications that make use of the integrated
circuits.
[0005] However, a significant portion of an IC's overall
cost can be due to production testing. This can be especially
true when the IC is a complex mixed-signal IC used in RF
wireless applications. The testing of these ICs may include
standards compliance testing in addition to full functional
(both digital and analog) testing. The standard testing procedure involves the functional and compliance testing of the
IC after they have been packaged.
[0006] One disadvantage of the prior art is that the testing
can require expensive and sophisticated test equipment. The
potentially large expense can reduce the total number of test
equipment available, therefore the testing can be a bottleneck in the production of the ICs.
[0007] A second disadvantage of the prior art is that the
testing cannot be performed until after the ICs have been
packaged. Then, if an IC is found to be defective, the IC
(along with the package) may need to be discarded. This can
be expensive, since the packaging can represent a large
percentage of the cost of the Ie. Alternatively, the IC may
need to be removed from its package, but this can be difficult
and time intensive.
[0008] A third disadvantage of the prior art is that the
testing cannot usually be performed once the packaged IC
leaves the factory. Therefore, testing in the field cannot be

[0009] These and other problems are generally solved or
circumvented, and technical advantages are generally
achieved, by preferred embodiments of the present invention
which provides a system and method for low-cost performance and compliance testing of local oscillators and transmitters for wireless RF applications.
[0010] In accordance with a preferred embodiment of the
present invention, a method for testing a radio frequency
(RF) circuit comprising observing a signal from the RF
circuit, wherein the signal is a digital signal from within the
RF circuit, manipulating the signal, and producing a metric
for the test based on results from the manipulating is
provided.
[0011] In accordance with another preferred embodiment
of the present invention, a circuit comprising a processor
coupled to a radio frequency (RF) circuit, the processor
containing circuitry to manipulate digital signals from the
RF circuit to provide a performance metric for the RF
circuit, and a control signal input coupled to the processor,
wherein the control signal input can enable an observation
and manipulation of the digital signals is provided.
[0012] In accordance with another preferred embodiment
of the present invention, a circuit comprising a reference
phase accumulator coupled to a signal input, the reference
phase accumulator containing circuitry to compute a reference phase, a phase detector coupled to the reference phase
accumulator, the phase detector containing circuitry to compute a difference between the reference phase and a variable
phase, a digitally-controlled oscillator (DCO) coupled to the
phase detector, wherein the performance of the DCO can be
ascertained by observing an output of the phase detector, and
a variable phase accumulator coupled to the DCO and the
phase detector, the variable phase accumulator containing
circuitry to compute the variable phase is provided.
[0013] An advantage of a preferred embodiment of the
present invention is that the testing of the local oscillator and
transmitter can be performed in a built-in self-test manner by
observing and manipulating relatively low frequency digital
signals. This can be performed without the need for expensive laboratory test equipment.
[0014] A further advantage of a preferred embodiment of
the present invention is that the testing can be performed at
multiple stages of an IC's life cycle. The testing can be
performed on the die using test probes, after packaging, on
a circuit board during product manufacturing, and in a
self-contained device in the field. This is a heretofore
unavailable degree of flexibility in testing.
[0015] The foregoing has outlined rather broadly the features and technical advantages of the present invention in
order that the detailed description of the invention that
follows may be better understood. Additional features and
advantages of the invention will be described hereinafter
which form the subject of the claims of the invention. It
should be appreciated by those skilled in the art that the
conception and specific embodiments disclosed may be
readily utilized as a basis for modifying or designing other
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structures or processes for carrying out the same purposes of
the present invention. It should also be realized by those
skilled in the art that such equivalent constructions do not
depart from the spirit and scope of the invention as set forth
in the appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS
[0016] For a more complete understanding of the present
invention, and the advantages thereof, reference is now
made to the following descriptions taken in conjunction with
the accompanying drawings, in which:
[0017] FIGS. 1a and 1b are diagrams of a voltage-controlled oscillator and a digitally-controlled oscillator;
[0018] FIG. 2 is a diagram of a phase-domain all-digital
phase-locked loop;
[0019] FIG. 3 is a diagram of a phase-domain all-digital
transmitter;
[0020] FIGS. 4a through 4c are diagrams of a detailed
view of the operation of a time-to-digital converter (TDC),
according to a preferred embodiment of the present invention;
[0021] FIG. 5 is a diagram of a detailed view of the TDC
and a period normalization multiplier, according to a preferred embodiment of the present invention;
[0022] FIG. 6 is a diagram of a linear s-domain model of
the all-digital phase-locked loop, according to a preferred
embodiment of the present invention;
[0023] FIGS. 7a through 7c are plots of closed-loop
transfer functions for different all-digital phase-locked
loops, according to a preferred embodiment of the present
invention;
[0024] FIG. 8 is a diagram of a sequence of events in the
testing of an all-digital frequency synthesizer or transmitter,
according to a preferred embodiment of the present invention;
[0025] FIGS. 9a through 9d are diagrams of sequences of
events in the testing of an all-digital frequency synthesizer
or transmitter, according to a preferred embodiment of the
present invention; and
[0026] FIG. 10 is a diagram of a signal analyzer, according to a preferred embodiment of the present invention.
DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS
[0027] The making and using of the presently preferred
embodiments are discussed in detail below. It should be
appreciated, however, that the present invention provides
many applicable inventive concepts that can be embodied in
a wide variety of specific contexts. The specific embodiments discussed are merely illustrative of specific ways to
make and use the invention, and do not limit the scope of the
invention.
[0028] The present invention will be described with
respect to preferred embodiments in a specific context,
namely an all-digital PLL (ADPLL)-based integrated radio
that is adherent to the Bluetooth technical standard. The
Bluetooth technical standard is specified in a document
entitled "Specification Volume 1: Specification of the Blue-

tooth System, Core," version 1.1, published Feb. 22, 2001,
which document is herein incorporated by reference. The
invention may also be applied, however, to other ADPLLbased or digitally-intensive integrated radios that make use
of a local oscillator and/or a transmitter. These all-digital
integrated rations may be compliant to other technical
standards, such as, GSM, IEEE 802.11, Hyperlan, UltraWideband, and so forth or they may be a custom implementation of a proprietary radio design.
[0029] With reference now to FIGS. 1a and 1b, there are
shown diagrams illustrating (FIG. 1a) a voltage-controlled
oscillator (VCO) 100 and (FIG. 1b) a digitally-controlled
oscillator (DCa) 150. Both the VCO 100 and the DCa 150
have several components in common, including crosscoupled pairs of PMOS and NMOS transistors 105 and 110
and an inductor 115. The major difference between the two
lies in the control method of the capacitive part of the LC
tank, which can be used for frequency tuning. The VCO 100
may use a single varactor 120 while the DCa 150 may have
an array of varactors 155. The VCO 100 relies upon a
developed tuning control voltage to control its oscillating
frequency with a transfer function gain on the order of
hundreds of MHz/Volt. However, in the case of the DCa
150, if each of the varactors in the array of varactors 155 is
biased at a special point, the transfer function gain has been
measured to be as low as 600 kHzNolt. This low gain
provides the DCa 150 with a significantly lower sensitivity
to supply line noise than the VCO 100. This results in a
lower overall spurious tone and phase noise for the DCa
150.
[0030] With reference now to FIG. 2, there is shown a
block diagram illustrating a phase-domain all-digital synchronous phase-locked loop (ADPLL) synthesizer 200. The
ADPLL 200 can be used to measure a phase difference
between a reference signal, FREF (such as from a reference
clock) and a variable signal (such as an output from a
digitally controlled oscillator (DCa)) and to use that difference to make a frequency adjustment to the variable signal.
For example, in a wireless device operating in a Bluetooth
communications network, the variable signal would be in
the 2.4 GHz band and the reference signal is at 13 MHz.
[0031] The difference between the reference phase and the
variable phase may be referred to as a phase error, 8E [k], and
can be computed in a phase detector 210 of the ADPLL 200.
The phase detector 210 may have three inputs. A first input
to the phase detector 210 may be provided by a reference
phase accumulator 205, which can be used to compute an
accumulation of a frequency command word (FCW), also
referred to as frequency control word, for the reference
signal. The accumulated FCW is RR[k]. The accumulation
can be done on every rising edge of the retimed FREF clock.
The FCW can be defined as a ratio of an expected variable
frequency to the frequency of the reference signal.
[0032] A second input to the phase detector 210 can be an
accumulation of edge clock transitions for the variable
signal. The accumulation of the edge clock transitions for
the variable signal, Rv[k], may be computed in an incremeter 235 and subsequently sampled in a clocked latch 240. A
third input to the phase detector 210 can be a fractional error
correction value, E[k], computed by a fractional error correction unit 242. The fractional error correction unit 242
may be used to compute a fractional error correction, which
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is a difference between the reference clock edge and the
variable clock edge. The fractional error correction can be
computed by converting the above difference (the difference
between the reference clock edge and the variable clock
edge) from a time domain into a digital domain (via a
time-to-digital converter (TDC) 250) and then multiplying
the digital value with an inverse period (via a multiplier 255)
to produce the fractional error correction value, E[k]. A latch
245 can be used to retime (re-sample) the reference clock
cycle by the RF oscillator clock (output of the DCO 225),
which can be used to clock the TDC 250, reference phase
accumulator 205, and the clocked latch 240.
[0033] A loop filter 215 can then be applied to the phase
error, 8 E [k]. The loop filter 215 can provide a desired
amount of attenuation to the phase error prior to affecting the
DCO frequency, and can be constructed as a combination of
FIR, IIR and accumulators, which could be connected in
parallel or cascaded. Finally, DCO tuning (the signal used to
adjust the DCO frequency) is normalized with respect to the
DCO gain (ratio of frequency deviation per one step (least
significant bit) of DCO tuning word) via a DCO gain
normalization block 220 prior to being applied to the DCO
225. Output of the DCO 225 may be a variable phase signal
and may be buffered and amplified by a power amplifier 230.
A more detailed description of the ADPLL 200 and its
operation can be found in the co-assigned and co-pending
patent application "Type-II All-Digital Phase-Locked Loop
(PLL)."
[0034] With reference now to FIG. 3, there is shown a
diagram illustrating an ADPLL-based transmitter 300,
according to a preferred embodiment of the present invention. According to a preferred embodiment of the present
invention, the transmitter 300 can be based upon an ADPLL
frequency synthesizer, such as one shown in FIG. 2, and
makes use of digital direct frequency modulation. A modulating data, y[k], produced by filtering a data stream with a
pulse shaping filter 305, may directly affect the oscillating
frequency. This can be accomplished by summing the modulating data with the frequency normalized tuning word via a
summing point 315. The normalized tuning word (after
being summed with the modulating data) can be provided to
the DCO gain normalization block 220.

can measure the fractional delay difference between the
frequency reference and the next rising edge of the RF
oscillator clock. According to a preferred embodiment of the
present invention, the resolution of the TDC 250 can be that
of a single inverter delay, which for a deep-submicron
CMOS process can be better than 40 pico-seconds.
[0037] The TDC 250 can produce as output two values, a
time rising difference, llt, (shown as interval 410), and a time
falling difference, llt f (shown as interval 405). The time
rising difference, llt" can be defined as the time difference
between a rising edge of the RF oscillator clock and a rising
edge of the frequency reference, while the time falling
difference, llt f , can be defined as the time difference between
a falling edge of the RF oscillator clock and a rising edge of
the frequency reference (refer to FIGS. 4b and 4c for
illustrations of the time rising and falling differences). The
time rising and falling differences can then be normalized by
the period normalization multiplier 255 which multiplies the
differences with an inverse period to produce the fractional
error correction value, E. The fractional error correction
value may be expressed mathematically as: E=I-11t,fTy ,
wherein T y is a duration of a period of the RF oscillator
clock.
[0038] With reference now to FIG. 5, there is shown a
diagram illustrating a detailed view of the TDC 250 and
period normalization multiplier 255, according to a preferred embodiment of the present invention. The TDC 250
can be created from a serially connected chain of inverters
(such as inverters 505 and 507) and a plurality of latches
(such as latches 510 and 512). In addition to being connected
to the next inverter in the serial chain, each inverter's output
is coupled to a latch. Note that due to signal inversion from
the inverters, alternating latches may have an inverting
output. For example, latch 510 may have an inverting output
while latch 512 does not. The latches can be clocked by the
frequency reference, FREP.

[0035] Since the input to the DCO can have a frequency
perturbation (due to the modulating data), the PLL loop will
try to correct this perturbation. This correction can be
compensated for by adding the modulating data, y[k], back
into the PLL loop via a second summing point 310. The PLL
loop response to the modulating data can be wideband in
nature and the modulating data can directly modulate the
DCO frequency in a feed-forward manner so that it can
effectively remove the loop dynamics from the modulating
transmit path. However, the remainder of the PLL loop
(including error sources) continues to operate in a normal
closed-loop regime.

[0039] The outputs of the latches form a pseudo-thermometer code. Thermometer codes are considered to be well
understood by those of ordinary skill in the art of the
analog-to-digital conversion and will not be discussed
herein. A pseudo-thermometer edge detector 515 can be
used to detect the edges of the RF oscillator clock. The
pseudo-thermometer edge detector 515 can also be used to
determine the time rising and falling differences (as shown
in FIGS. 4b and 4c). The time rising and falling differences
can then be provided to a period averager 520 which
averages the differences over a number of clock cycles. It
has been found that averaging over 128 clock cycles can
produce an accuracy level of within one (1) pico-second of
an inverter delay. An output of the period averager 520 can
then be inverted by an inverse unit 525 prior to being
provided to the period normalization multiplier 255 to be
used in the production of the fractional error correction
value, E(k).

[0036] With reference now to FIGS. 4a through 4c, there
are shown diagrams illustrating a detailed view of the
operation of the IDC 250 (FIG. 2) and the estimation of
fractional error correction using the IDC 250, according to
a preferred embodiment of the present invention. As shown
earlier and repeated in FIG. 4a, the TDC 250 may have a
pair of inputs, the frequency reference, FREF, and the RF
oscillator clock, CKY. Using these two inputs, the TDC 250

[0040] With reference now to FIG. 6, there is shown a
diagram illustrating a linear s-domain model 600 of the
ADPLL 200 (FIG. 2) when set in a type-II second order
configuration, according to a preferred embodiment of the
present invention. FIG. 6 illustrates a linear s-domain model
for the phase detector 210, the loop filter 215, and a
combination block 605, which includes the DCO gain normalization block 220 and the DCO 225 of the ADPLL 200
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(FIG. 2). When operating in a type-II mode, the PLL loop
has a closed-loop transfer function that can be expressed as:

[0041] A plot of the closed-loop transfer function for
different values of S (wherein

aiR

1
2

a

!;=-=--

2wn

yp

[0042] and wn=v'pJ~ with normalized frequency is displayed in FIG. 7a. When operating in a type-I mode, the
integral term, p, is turned off. The behavior of the closedloop transfer function when the PLL loop is operating in a
type-I mode with normalized frequency is displayed in FIG.
7b.
[0043] Taking a closer examination of the model 600,
there may be two places internal to the PLL loop where noise
can be injected. Due to its digital nature, the remainder of the
PLL loop may be completely immune from any time-domain
or amplitude-domain perturbations and therefore does not
contribute to the phase noise of the PLL loop. A first internal
noise source can be due to the oscillator (DCO 225) itself
(modeled as summing point 610 with the noise being
represented as 8n y). The noise from the DCO 225 has a
closed-loop transfer function that can be expressed as:

[0044] A plot of the closed-loop transfer function for
different values of S with normalized frequency is displayed
in FIG. 7c.
[0045] A second internal noise source can be due to TDC
250 calculating the fractional error correction value, E[k],
and can be modeled as a second summing point 615 with the
noise being represented as 8n TOC" Although the TDC 250 is
a digital circuit, its frequency'reference and the RF oscillator
clock inputs are continuous in the time domain. The TDC
noise can have several components: quantization, linearity,
and random (due to thermal effects), with perhaps the
quantization noise being the most predominant. The noise
from the TDC 250 has a closed-loop transfer function that
can be expressed as:

aiRS + pii

Hd.TDc(s) =

2
S

+ CY

f

RS

+P

f2
R

[0046] Note that the TDC noise can have the same transfer
function as the PLL loop noise but without the gain of N.
This may be due to the fact that the TDC phase signal can
be normalized to the DCO clock cycle.

[0047] As discussed previously, the testing of integrated
circuits, especially mixed-signal ICs that include RF circuitry, can be expensive and require a lot of laboratory
equipment. Furthermore, the testing can often only be performed in the factory after the ICs have been packaged. This
can lead to high testing costs and the waste of expensive
packaging when the ICs in them are found to be faulty. It is
therefore desired that testing can take place at other times
within the fabrication life cycle of the IC, such as after
fabrication (prior to packaging), on wafer, after packaging,
after placement on a circuit board, and out in the field.
[0048] Testing that can be performed outside of a factory
(i.e., in the field) can have several advantages. First, the
testing can usually be done without the use of expensive
laboratory equipment, therefore, testing can be less expensive. Since expensive equipment is not needed, the testing of
a larger number of devices can be done at one time (since the
constraint of expensive equipment has been removed). Second, the testing can be performed while the electronic device
is in the end-user's hands. This can lead to some novel test
scenarios. For example, if the device under test is a cellular
telephone, the carrier can run tests on the device each time
that the telephone is powered-up or dialed by the end-user
and then the device can provide the results to the carrier. The
carrier can then detect if the device is beginning to fail and
provide a warning to the end-user of impending failure via
an instant message or in the next bill. Alternatively, the
carrier can run diagnostics in response to performance
complaints from the user.
[0049] With the ADPLL 200 (FIG. 2) and the transmitter
300 (FIG. 3), it is possible to ascertain, with adequate
accuracy, the performance at the RF output by observing an
internal digital signal, such as the PRE (8 E ) output of the
phase detector 210 (FIGS. 2, 3 and 6). Since the PRE output
of the phase detector 210 may be clocked at the frequency
reference rate (FREF), it is at a much lower frequency than
the multi-GRz RF output. In addition to observing the PRE
signal, other signals can also be used, such as the output of
the loop filter 215 (referred to as NTW) and the output of the
DCO gain normalization block 220 (referred to as OTW
(d[k]), which can be binary or encoded. The NTW signal and
the OTW signal can be observed in place of the PRE signal
as long as the frequency components of interest of the PRE
signal is lower than the cutoff frequency of the loop filter
215. As long as the frequency components of interest are
below the loop filter's cutoff frequency, the attenuation of
frequency components above the cutoff frequency can actually improve the correlation between the observed signal and
the RF output. Furthermore, if the loop filter 215 has been
implemented as a cascade of filters (a multi-stage filter),
outputs from intermediate filters from within the cascade of
filters can be used for observation purposes even if the
output from the end of the cascade of filters is attenuated at
the frequency components of interest.
[0050] The PRE signal has a low-pass transfer characteristic to/from the phase at the RF output of the ADPLL (or
transmitter), which for large values of S, or in type-I
operation, may have unity value and be relatively fiat until
the PLLloop bandwidth cutoff (reference FIGS. 7a and 7b).
Consequently, the close-in phase noise and phase error
statistics performed on the PRE signal can closely correlate
with the tests results that are performed directly at the RF
output. It should be noted that it is possible to include the
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frequency components beyond the bandwidth cutoff as long
at the PLL loop droop can be compensated.
[0051] With reference now to FIG. 8, there is shown a
diagram illustrating a sequence of operations 800 that can be
used to test the performance and compliance of an all-digital
frequency synthesizer and/or transmitter, according to a
preferred embodiment of the present invention. According to
a preferred embodiment of the present invention, the
sequence of operations 800 can be used to test either the
function, performance and/or the compliance of a mixedsignal integrated circuit that contains an ADPLL or transmitter similar to those displayed in FIGS. 2 and 3. The
testing can be initiated manually by the manufacturer or the
end-user of the integrated circuit (or an electronic device
containing the integrated circuit) by entering an appropriate
command(s) or automatically upon power-up, after reset,
when a call is being made, and so forth.
[0052] A first operation of the testing involves the observation of an internal digital signal (block 805). According to
a preferred embodiment of the present invention, the internal
digital signal should be a signal that is a part of the PLL loop
in the ADPLL or transmitter, such as the PRE signal at the
output of phase detector 210 (FIGS. 2 and 3). Alternatively,
if the digital signal being observed has a frequency range of
interest that is below the cutoff frequency of the loop filter
215 (FIGS. 2 and 3), then the output of the loop filter 215
can be observed, as well as the output of the DCa gain
normalization block 220. An advantage in the use of the
digital signal is that it is clocked at the frequency reference
which is clocked at a rate that is significantly lower than the
RF output signal, which is clocked at a rate that is on the
order of several GRz. It should be noted that the observation
of the internal digital signal can also include adjusting the
operation of a part (or parts) of the PLL loop, such as
changing a coefficient in the loop filter 215 to set the
bandwidth of the PLL loop, for example, and observing the
digital signal after each adjustment. From these observations, it can be possible to ascertain more detailed information about the performance and/or compliance of the PLL
loop.
[0053] Once the digital signal is under observation, the
digital signal can be manipulated digitally (block 810). The
digital signal can be manipulated by a digital signal processor (DSP) that may be integrated into the integrated circuit.
Alternatively, the manipulation can be performed by custom
designed signal processors integrated expressly for test
purposes. Due to the scale of the integration in modern
integrated circuits, the inclusion of tens or hundreds of
thousands of logic gates needed to perform the manipulation
would incur a small additional expense, especially when
compared to the cost of the dedicated test equipment that
would otherwise be needed to test the integrated circuits. A
detailed discussion of the manipulation of the observed
digital signal is presented below.
[0054] The results of the manipulations of the digital
signal can then be evaluated to measure the performance of
the frequency synthesizer or the transmitter (block 815). The
evaluation may be as simple as comparing the results with
a threshold. If the results fall within a specified threshold,
then the integrated circuit can be said to have passed that one
particular test, for example. The sequence of operations 800
may be repeated as many times as needed to complete the
desired tests.

[0055] With reference now to FIG. 9a, there is shown a
diagram illustrating a sequence of operations 900 that can be
used to test the compliance of a transmitter by testing the
phase error trajectory, according to a preferred embodiment
of the present invention. The PRE signal may be thought off
as a difference between the actual phase (at the RF output)
and the desired phase. If the actual phase matches closely to
the desired phase, then the low frequency components of the
PRE signal may remain relatively constant (a small value of
change or zero change). Of particular interest are the peak
and rms values of the change. Referencing FIG. 3, the
output of the phase detector 210 can be shown to be a
difference between the actual phase and the desired phase.
Therefore, after observing the PRE signal (block 902), the
manipulation of the PRE signal may entail measuring the
peak and/or variance, or the rate of change in the PRE signal
(block 904). If the peak and/or variance of the change, or the
rate of change, in the PRE signal is very small or if there is
no change in the PRE signal (block 906) then the phase error
trajectory can be deemed to be good (block 908), else the
phase error trajectory can be bad (block 910). According to
the GSM technical specifications, there is a limit placed
upon a transmitter's phase error trajectory. Therefore, this
test can determine if the transmitter is compliant to the GSM
technical specifications.
[0056] With reference now to FIG. 9b, there is shown a
diagram illustrating a sequence of operations 920 that can be
used to detect frequency lock of an all-digital frequency
synthesizer and/or transmitter, according to a preferred
embodiment of the present invention. In an ADPLL, when
the PLL loop has locked onto a desired frequency, the signal
values through the loop do not change (or change very little).
This can then be exploited to create a lock indicator. After
observing the PRE signal (block 922), several consecutive
values of the PRE signal can be examined to determine the
rate of change in the PRE signal (block 924). If the rate of
change in the PRE signal is fiat or has a very small variance
(block 926), then frequency lock has been achieved (block
928). If the rate of change in the PRE signal is not fiat or
there is a significant variance, then the PLL loop has not
locked onto the desired frequency (block 930). This operation can be repeated several times during critical times in the
PLL operation, or it can be repeated continuously to monitor
for a continuing lock.
[0057] With reference now to FIG. 9c, there is shown a
diagram illustrating a sequence of operations 940 that can be
used to detect frequency deviation in an all-digital frequency
synthesizer and/or transmitter, according to a preferred
embodiment of the present invention. When an ADPLL is
operating in a type-II mode, an output of an integral path
accumulator (a part of the loop filter 215) can indicate a well
filtered frequency error. If the ADPLL is operating in a
type-I mode, then an IIR filter can be added to perform the
needed filtering of the frequency error. Note that for an
ADPLL that is capable of operating in either mode, a
switching capability may be needed to switch in and out the
IIR filter. After observing the output of the integral path
accumulator (or the output of the IIR filter) (block 942), a
simple comparison of the output with a specified range
(block 944) can be used to determine if the frequency
deviation is within a permitted amount. If the output is
within a specified range, then the frequency deviation is
within a permitted amount (block 946). If the output is
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outside of a specified range, then the frequency deviation is
greater than the permitted amount (block 948).
[0058] With reference now to FIG. 9d, there is shown a
diagram illustrating a sequence of operations that can be
used to estimate phase noise power in an all-digital frequency synthesizer and/or transmitter, according to a preferred embodiment of the present invention. As discussed
previously, the performance and/or compliance testing may
not be solely limited to the computation of a simple binary
pass/fail measurement regarding the performance and/or
compliance of a device under test. In some tests, the device
under test may receive adjustments to a part (or parts) of its
PLL loop and have its digital signals observed after the
adjustments. The adjustments can be performed multiple
times and the observed digital signals (observed subsequent
to each adjustment) can be compared and manipulated to
provide a measure of the performance of the device under
test.
[0059] It can be shown (referencing FIG. 7c) that the
phase relationship between oscillator phase noise, 8y , which
is an estimated parameter, and phase error, 8 E , which is an
observed parameter, is a high-pass transfer function. The
PLL loop bandwidth can be controlled by a proportional
gain factor, u, when the PLL loop is in a type-I configuration
and both the proportional gain factor, u, and an integral gain
factor, p, (also a digital control signal) when the PLL loop
is in a type-II configuration. Please refer to the diagram of
the linear s-domain model 600 of the ADPLL for a reference
for the oscillator phase noise, 8 y , the phase error, 8E , and the
proportional gain factor, a, and integral gain factor, p.
Therefore, it can be possible to accurately estimate the total
oscillator integrated phase noise above a given frequency by
setting the PLL loop bandwidth (block 962) and then observing (block 964) and calculating (block 966) the mean square
error (MSE) of the PHE signal. The setting (block 962),
observing (block 964), and calculating (block 966) can be
repeated (block 968) for several PLL loop bandwidths. After
the calculating is completed for the desired PLL loop
bandwidths, the phase noise power can be estimated by
subtracting (block 970) the calculated MSE of the PHE
signal for the different PLL loop bandwidths. Note that a
type-II ADPLL loop with possible addition of IIR filters can
be used to make the transition band sharper (see FIG. 7c).
FIG. 7c can also reveal that good frequency selectivity can
be achieved by utilizing frequency peaking obtained with a
dumping factor, S, of less than one. Furthermore, additional
peaking can be obtained inside or outside the PLL loop via
IIR filte rs.
[0060] In addition to the specific tests discussed in FIGS.
9a, 9b, 9c, and 9d, other tests that can be performed via the
observation of a digital signal from the PLL loop can include
spurious content, phase noise analysis, spectrum analysis,
rms computation of the phase noise, and so forth. The
spurious content, phase noise analysis and spectrum analysis
can be measured by performing spectral analysis on the PHE
signal or its filtered version. The spectral analysis methods
include FFT, DFT calculations or passing the PHE signal
through a configurable band-pass filter and measuring the
energy at the output.
[0061] Note that the above discussion focused on the use
of the PHE signal in the testing. However, it can be possible
that other signals within the PLL loop can be used in place

of the PHE signal, sometimes with better results. Furthermore, the phase error trajectory, the frequency lock, and the
frequency deviation are only three exemplary tests that can
be performed. Other tests may be possible, and the discussion of the three tests should not be construed as limiting the
spirit of the present invention.
[0062] With reference now to FIG. 10, there is shown a
diagram illustrating a signal analyzer 1005 coupled to an
all-digital frequency synthesizer or transmitter (collectively
referred to as block 1020) to permit the observation of digital
signals and the generation of a performance or compliance
metric, according to a preferred embodiment of the present
invention. According to a preferred embodiment of the
present invention, the signal analyzer 1005, which can be
integrated onto the same integrated circuit as the all-digital
frequency synthesizer or transmitter (block 1020), can
observe digital signals from within the all-digital frequency
synthesizer or transmitter (block 1020) and provide necessary signal processing to generate a performance or compliance metric. Alternatively, the signal analyzer 1005 may
be located on a separate integrated circuit and can be
coupled to the all-digital frequency synthesizer or transmitter (block 1020) via signal lines.
[0063] The signal analyzer 1005 may include a processor
1010 and a latch 1015. The processor 1010 can be coupled
to the all-digital frequency synthesizer or transmitter (block
1020) at several places to permit the observation of different
digital signals. For example, the processor 1010 may be
connected to an output of the phase detector 210 to provide
access to the PHE signal or to an output of the loop filter 215
to provide access to a filtered version of the PHE signal. The
processor 1010 may be a dedicated processing element that
is a part of the integrated circuit containing the all-digital
frequency synthesizer or transmitter (block 1020) or it may
be custom designed functional unit that is expressly
designed to perform needed testing. External signals ("control") can be applied to control the testing. For example, the
external signals can be used to enable or disable testing,
specify the test to be performed, and so forth. The latch 1015
can be used to store the results produced by the processor
1010 to enable them to be read-out and evaluated.
[0064] Although the present invention and its advantages
have been described in detail, it should be understood that
various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the
invention as defined by the appended claims.
[0065] Moreover, the scope of the present application is
not intended to be limited to the particular embodiments of
the process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from
the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed, that
perform substantially the same function or achieve substantially the same result as the corresponding embodiments
described herein may be utilized according to the present
invention. Accordingly, the appended claims are intended to
include within their scope such processes, machines, manufacture, compositions of matter, means, methods, or steps.
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What is claimed is:
1. A method for testing a radio frequency (RF) circuit
comprising:
observing a signal from the RF circuit, wherein the signal
is a digital signal from within the RF circuit;
manipulating the signal; and
producing a metric for the test based on results from the
manipulating.
2. The method of claim 1, wherein the testing is performed using built-in self test (BIST) techniques.
3. The method of claim 1, wherein the signal is a phase
error signal.
4. The method of claim 1, wherein the signal has a high
degree of correlation with an RF output of the RF circuit.
5. The method of claim 4, wherein a transfer function
between the signal and the RF output phase is fiat within a
frequency band of interest.
6. The method of claim 1, wherein the RF circuit is an
all-digital circuit, and wherein the signal is an output of a
component in an all-digital phase-locked loop in the RF
circuit.
7. The method of claim 6, wherein the signal is an output
of a phase detector.
8. The method of claim 7, wherein the signal has been
filtered.
9. The method of claim 8, wherein the all-digital phaselock loop is operating in a type-11 mode, and the signal is
an output of an integral accumulator of a loop filter.
10. The method of claim 8, wherein the all-digital phaselock loop is operating in a type-I mode, and the signal is an
output of an infinite impulse response filter coupled to the
output of a loop filter.
11. The method of claim 8, wherein a loop filter coupled
to an output of a phase detector performs the filtering, and
wherein the signal is an output of the loop filter.
12. The method of claim 6, wherein the signal is an output
of a gain normalization block.
13. The method of claim 1, wherein the frequency of the
signal is several orders of magnitude less than the frequency
of the RF output.
14. The method of claim 1, wherein the test is for phase
error trajectory and the signal is the output of a phase
detector, and wherein the manipulation comprises measuring a change in the signal.
15. The method of claim 14, wherein if the change in the
signal is less than a specified threshold, then the phase error
trajectory is good.
16. The method of claim 14, wherein the measuring the
change in the signal comprises measuring a peak, a variance,
or a rate of change in the signal.
17. The method of claim 1, wherein the test is for
frequency lock and the signal is the output of a phase
detector, and wherein the manipulation comprises comparing a value of the signal over several samples.
18. The method of claim 17, wherein if a variance in the
magnitude is less than a specified threshold, then the frequency has been locked.
19. The method of claim 17, wherein the samples are
taken at different times.
20. The method of claim 1, wherein the test is for
frequency deviation and the signal is an output of an integral
accumulator of a loop filter, and wherein the manipulation
comprises comparing the signal with a specified range.

21. The method of claim 20, wherein if the signal is within
the specified range, then the frequency deviation is within
acceptable limits.
22. The method of claim 2.0, wherein the manipulation
further comprises comparing several samples of the signal.
23. The method of claim 20, wherein the RF circuit
contains an all-digital phase-locked loop operating in a
type-II mode.
24. The method of claim 1, wherein the RF circuit
contains an all-digital phase-locked loop, and the method
further comprises prior to the observing, setting the alldigital phase-locked loop to a certain bandwidth.
25. The method of claim 24, wherein the test is for
estimating phase noise power and the signal is an output of
a phase detector, and wherein the manipulating comprises
calculating a mean square error of the signal.
26. The method of claim 25, wherein the setting, observing, and manipulating is repeated for several different alldigital phase-locked loop bandwidths, and wherein the producing comprises subtracting the calculated mean square
errors for the several different all-digital phase-lock loop
bandwidths.
27. The method of claim 1, wherein the RF circuit is an
all-digital frequency synthesizer.
28. The method of claim 1, wherein the RF circuit is an
all-digital transmitter.
29. The method of claim 28, wherein the transmitter is
used in a wireless communications network.
30. The method of claim 29, wherein the wireless communications network is Bluetooth compliant.
31. The method of claim 1, wherein the testing comprises
a functional test or a compliance test of the RF circuit.
32. A circuit comprising:
a processor coupled to a radio frequency (RF) circuit, the
processor containing circuitry to manipulate digital
signals from the RF circuit to provide a performance
metric for the RF circuit; and
a control signal input coupled to the processor, wherein
the control signal input can enable an observation and
manipulation of the digital signals.
33. The circuit of claim 32 further comprising a latch
coupled to the processor, the latch to store the performance
metric provided by the processor.
34. The circuit of claim 32, wherein the RF circuit is
integrated onto a first integrated circuit, wherein the processor is integrated onto a second integrated circuit.
35. The circuit of claim 34, wherein the first and the
second integrated circuits are the same integrated circuit.
36. The circuit of claim 32, wherein the RF circuit
contains an all-digital phase-locked loop, and wherein the
processor is coupled to an output of a phase detector.
37. The circuit of claim 32, wherein the RF circuit
contains an all-digital phase-locked loop, and wherein the
processor is coupled to a filtered output of a phase detector.
38. The circuit of claim 32, wherein the RF circuit
contains an all-digital phase-locked loop, and wherein the
processor is coupled to an output of a phase detector and a
filtered output of a phase detector.
39. The circuit of claim 32, wherein the circuit permits the
testing of the RF circuit in wafer, in packaged integrated
circuit, in factory, and in field.
40. The circuit of claim 32, wherein the circuit permits the
testing of the RF circuit, and wherein the testing is of a type
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selected from a group consisting of a phase trajectory error,
a frequency lock, a frequency deviation, a phase noise
power, or combinations thereof.
41. A circuit comprising:
a reference phase accumulator coupled to a signal input,
the reference phase accumulator containing circuitry to
compute a reference phase;
a phase detector coupled to the reference phase accumulator, the phase detector containing circuitry to compute
a difference between the reference phase and a variable
phase;
a digitally-controlled oscillator (DCO) coupled to the
phase detector, wherein the performance of the DCO
can be ascertained by observing an output of the phase
detector; and
a variable phase accumulator coupled to the DCO and the
phase detector, the variable phase accumulator containing circuitry to compute the variable phase.
42. The circuit of claim 41 further comprising a time-todigital converter (TDC) coupled to the DCO and the phase
detector, the IDC containing circuitry to compute a time
difference between a reference clock and a variable clock.

43. The circuit of claim 41 further comprising a loop filter
coupled to the phase detector and the DCO, the loop filter to
provide a desired amount of attenuation to the computed
difference between the reference phase and the variable
phase.
44. The circuit of claim 43, wherein the loop filter is of a
type selected from a group consisting of a finite impulse
response filter, an infinite impulse response filter or combination thereof.
45. The circuit of claim 44, wherein the loop filter is
comprised of a plurality of filters, and wherein the filters are
arranged in a parallel fashion.
46. The circuit of claim 44, wherein the loop filter is
comprised of a plurality of filters, and wherein the filters are
arranged in a cascaded fashion.
47. The circuit of claim 41 further comprising a gain
normalization unit coupled to the phase detector and the
DCO, the gain normalization unit to normalize the difference
between the reference phase and the variable phase with
respect to a gain in the DCO.

* * * * *

