
WO 2007/038279 PCT/US2006/036995  APPARATUS AND METHOD FOR SIMULTANEOUS
TESTING OF MULTIPLE ORTHOGONAL FREQUENCY DIVISION MULTIPLEXED  TRANSMITTERS
WITH SINGLE VECTOR SIGNAL ANALYZER  RELATED APPLICATION This application
claims priority from U.S. Provisional Patent Application 60/596,444,  filed
September 23, 2005. BACKGROUND  1. Field of the Invention The present
invention relates to testing of orthogonal frequency division multiplexing
(OFDM) transmitters, and in particular, to testing of OFDM transmitters
using a vector signal  analyzer (VSA). 2. Related Art As is well known,
multiple input, multiple output (MIMO) communication systems use  multiple
transmitters and receivers to enhance the reliability and signal capacity of
the  communication link. Testing of each transmitter is usually done by
connecting each individual  transmitter to a VSA, and repeating measurements
for each transmitter sequentially.  Alternatively, another method involves
connecting each transmitter to its own VSA and  performing the tests
simultaneously. Accordingly, the first method only requires one VSA, but
significantly more time, while the second method requires multiple VSA
systems, but  significantly less time. Traditionally testing of wireless
devices has involved testing one active transmitter at a  time. Even if the
device has offered multiple transmitters, they have typically not been
operated  in parallel. However, people are constantly trying to increase the
data rate. In the past this has  been achieved by using more complex
modulation and higher bandwidth. These methods have  1 WO 20071038279
PCT/1JS2006/036995  used a single transmitter so measurements could be
performed with a single input test  instrument. With the introduction of
MIMO technology, multiple parallel transmitters are used to  



increase the allowable data rate in a given bandwidth by having the
individual transmitters carry  separate information using the same frequency
and bandwidth for transmission. During normal  operation, system requires
multi-path for reliably transmitting the parallel data streams over the
same bandwidth simultaneously. The system relies on advanced signal
processing to separate  the different transmit signals in the required
multiple receivers. The receivers separate and  extract the data transmitted
by the multiple transmitters. Accordingly, multiple parallel receivers  are
needed to fully analyze a true MIMO signal, and one can no longer use a
single input test  instrument to fully analyze the transmitted signal. This
is particularly true for research and development (R&D) testing, where one
needs to  get as much information as possible about the device under test
(DUT). However, for  production testing, one may not need as much
information, as one is really testing to determine if  the DUT is correctly
assembled and if all components are fully functional. It is assumed that all
major components (e.g., chips) have already been tested, and that the design
being produced is  verified to work correctly if the assembly is complete
and correct, thereby obviating a need for as  detailed of a test setup. From
a production perspective, one is looking to have the lowest possible test
cost that  satisfies full coverage of the required tests. Production testing
usually includes both product  verification, and often more importantly
product calibration. During the product calibration, the  performance of the
device is adjusted to meet the desired performance. Optimizing costs of
testing in production includes ensuring the fastest possible test time  with
reasonably priced test equipment. Testing MIMO transmitters would indicate
that one  could utilize parallel test equipment, such that each transmitter
is tested in parallel. This will add  little to the test time compared to a
traditional device, but will double the cost of the test setup,  thus
increasing the overall test cost. Since modem test equipment offers
significantly more signal processing capability,  options other than simply
performing all tests in parallel do exist. As noted, it may not be
necessary to measure all parameters of a DUT in production; often one can
simply measure the  parameters that are expected to change in production
devices. This includes identifying failing 2 WO 2007/038279
PCT/US2006/036995  



components and assembly problems, as well as the ability to calibrate the
individual transmitters'  performance to be close to optimal. SUMMARY  In
accordance with the presently claimed invention, an apparatus and method are
provided for testing signals from two or more OFDM transmitters
simultaneously with a single  VSA. In accordance with one embodiment of the
presently claimed invention, a vector signal  analyzer for simultaneously
testing a plurality of orthogonal frequency division multiplexed  (OFDM)
signals includes: signal transformation means for transforming a composite
data signal, received via a  signal communication path and containing a
plurality of OFDM signals, to provide a plurality of  transformed data
signals, wherein the composite data signal originates from a remote signal
source having a  plurality of signal transmission processes associated
therewith and includes a plurality of data  packets each of which includes a
respective portion of a plurality of preamble data and a  respective portion
of a plurality of transmit data, each the respective portion of the
plurality of transmit data corresponds to a  respective portion of a
plurality of known data in relation to a respective one of the plurality of
signal transmission processes and the signal communication path, and each of
the plurality of transformed data signals includes a respective portion of
the plurality of data packets; and signal processing means for receiving and
processing the plurality of known data, at least  the respective portion of
the plurality of preamble data and at least the respective portion of the
plurality of transmit data to provide a plurality of test data indicative of
an error vector magnitude (EVM) associated with the composite data signal.
In accordance with another embodiment of the presently claimed invention, a
method for  simultaneously testing a plurality of orthogonal frequency
division multiplexed (OFDM) signals  includes: 3 WO 2007/038279
PCT/US2006/036995  



transforming a composite data signal, received via a signal communication
path and containing a plurality of OFDM signals, to provide a plurality of
transformed data signals,  wherein the composite data signal originates from
a remote signal source having a  plurality of signal transmission processes
associated therewith and includes a plurality of data  packets each of which
includes a respective portion of a plurality of preamble data and a
respective portion of a plurality of transmit data, each the respective
portion of the plurality of transmit data corresponds to a  respective
portion of a plurality of known data in relation to a respective one of the
plurality of  signal transmission processes and the signal communication
path, and each of the plurality of transformed data signals includes a
respective portion of  the plurality of data packets; and receiving and
processing the plurality of known data, at least the respective portion of
the  plurality of preamble data and at least the respective portion of the
plurality of transmit data to  provide a plurality of test data indicative
of an error vector magnitude (EVM) associated with the  composite data
signal. BRIEF DESCRIPTION OF THE DRAWINGS Figure 1 is a signal diagram
depicting typical MIMO OFDM signal burst configurations  suitable for use
with a method in accordance with one embodiment of the presently claimed
invention. Figure 2 is a block diagram depicting a receiver system for
practicing a method in  accordance with one embodiment of the presently
claimed invention. Figure 3 is block diagram of the receiver subsystem of
Figure 2. Figures 4A and 4B are block diagrams depicting alternative
embodiments of the  interface/computer of Figure 2. Figure 5 is a block
diagram depicting multiple OFDM transmitters to be tested in  accordance
with one embodiment of the presently claimed invention. Figure 5A is a block
diagram depicting one example embodiment of the transmit process  stages of
Figure 5. 4 



WO 2007/038279 PCTIUS2006/036995  Figure 6 is block diagram depicting
processes involved in practicing a testing method in  accordance with
various embodiments of the presently claimed invention. Figures 6A and 6B
depict selected signals identified in Figure 6 in their time and  frequency
domains. Figure 7 is block diagram depicting a technique for characterizing
non-linear behavior  causing signal compression. Figures 8A-8C are block
diagrams depicting test equipment configurations for practicing  the
presently claimed invention. Figures 9A-9B graphically depict results of
signal EVM measurements.  Figures 1 OA-10B graphically depict results of
signal correlation measurements.  Figures 11A-11B graphically depict CCDF
curves. Figures 12A-12B, 13A-13B, 14A-14C and 15A-15D graphically depict
various  uncompressed, compressed and composite MIMO signals. Figure 16 is
block diagram depicting a technique for comparing measured and reference
signals in accordance with one aspect of the present invention. DETAILED
DESCRIPTION The following detailed description is of example embodiments of
the presently claimed  invention with references to the accompanying
drawings. Such description is intended to be  illustrative and not limiting
with respect to the scope of the present invention. Such  embodiments are
described in sufficient detail to enable one of ordinary skill in the art to
practice  the subject invention, and it will be understood that other
embodiments may be practiced with  some variations without departing from
the spirit or scope of the subject invention. Throughout the present
disclosure, absent a clear indication to the contrary from the  context, it
will be understood that individual circuit elements as described may be
singular or  plural in number. For example, the terms "circuit" and
"circuitry" may include either a single  component or a plurality of
components, which are either active and/or passive and are  connected or
otherwise coupled together (e.g., as one or more integrated circuit chips)
to provide  the described function. Additionally, the term "signal" may
refer to one or more currents, one or 5 



WO 2007/038279 PCT/US2006/036995  more voltages, or a data signal. Within
the drawings, like or related elements will have like or  related alpha,
numeric or alphanumeric designators. A testing method in accordance with the
presently claimed invention provides for testing  two or more OFDM
transmitters simultaneously with a single VSA. Such method takes  advantage
of the fact that a typical MIMO OFDM transmitter transmits its output signal
in bursts  with specific information at the beginning of the burst, i.e.,
during the preamble, that facilitates  reliable reception and demodulation
of the remaining portion of the signal burst. Referring to Figure 1, one
example of a set of signals for use when testing two  transmitters in
accordance with one embodiment of the presently claimed invention includes
two  signal bursts, as shown. In this example, three preambles are used,
each with its own cyclic shift  (CS). The preambles of the second
transmitter are identical to the preambles of the first transmitter, except
for the cyclic shift. For example, the cyclic shifts of preambles 1, 2 and 3
are  400, 3100 and 1600 nanoseconds, respectively. It will be appreciated,
however, that other  preambles designed for MIMO operation are also
possible. Referring to Figure 2, one embodiment 200 of a system suitable for
practicing the  presently claimed invention includes a receiver 202, a
controller 204 and an interface 206 which  may include a computer. The
incoming radio frequency (RF) signal 201 (discussed in more  detail below)
is processed by the receiver 202 in accordance with control signals 205 from
the  controller 204. The resulting sampled data vector 203 is provided to
the interface 206. If the  interface 206 includes a computer, the sampled
data vector 203 can be processed locally.  Otherwise, the sampled data
vector 203 can be relayed, e.g., via a network (such as Ethernet)  interface
209, to an external computer for processing. Control data 207 is provided to
the  controller 204, either by the internal computer of the interface 206 or
by an external computer  via the interface 206 as received over the network
interface 209. Referring to Figure 3, one example embodiment 202a of the
receiver 202 includes a  number of conventional elements connected in a
conventional manner, substantially as shown.  The incoming RF signal 201 is
amplified by a variable gain amplifier 302 in accordance with  control
signals 205a from the controller 204. The resulting signal 303 is frequency
down- converted in a mixer 306 with a local oscillator (LO) signal provided
by a first LO 304 which is  



controlled by control signals 205b from the controller 204. The resulting
down-converted signal 6 WO 2007/038279 PCT/US2006/036995  307 is filtered by
a bandpass filter 308. The filtered signal 309 is amplified with another
variable  gain amplifier 310 in accordance with control signals 205c from
the controller 204. The down-converted and filtered signal 311 is further
frequency down-converted in  mixers 3141, 314q with quadrature LO signals
313i, 313q from a second LO 312 which is  controlled by control signals 205d
from the controller 204. The resulting baseband quadrature  signals 315i,
315q are filtered with lowpass filters 316i, 316q. (It should be readily
understood  that a single down-conversion can be performed instead, e.g.,
where incoming RF signal 201 is  amplified by one variable gain amplifier
310 and the second LO 312 provides the quadrature LO  signals 313i, 313q at
an appropriate frequency for the lowpass filters 3161, 316q.) The filtered
signals 317i, 317q are quadrature data signals in analog form, and are
converted to digital data signals 3191, 319q by analog-to-digital converters
(ADCs) 318i, 318q,  which are controlled by control signals 205e, 205f from
the controller 204. These data signals  3191, 319q are stored in a memory
320 for availability as in-phase 3211 and quadrature phase  321q data
signals in accordance with control signals 205g from the controller 204.
Referring to Figure 4A, one embodiment 206a of the interface 206 includes a
computer  programmed with measurement software 402 and control software 404.
Operation by the user is  performed via a graphical user interface 406,
which communicates with the measurement 402  and control 404 software
through data 40 and control 405 information. Referring to Figure 4B, when an
external computer is used, such computer 400 includes  an interface 440
through which the measurement software 402 and control software 404 interact
with the local interface 206 via the network connection 209. Data 441m and
control 441c  information are exchanged between the interface 440 and the
measurement 402 and control 404  software. Referring to Figure 5, the RF
signal 201 to be tested with a method in accordance with  one embodiment of
the presently claimed invention is the combination of two or more (two in
this example) transmit signals from a similar number of transmitters. In
this example, the set 500  of transmitters to be tested include two signal
transmission systems. The data 501a, 501b to be  



transmitted are processed in accordance with transmit processes 502a, 502b.
The resulting  signals 503a, 503b are amplified with amplifiers 504a, 504b
to produce time domain data signals  505a, 505b which are filtered by
filters 506a, 506b to produce the time domain data signals 507a,  507b for
transmission. The filters 506a, 506b provide modeling of linear distortions,
while other 7 WO 2007/038279 PCTIUS2006/036995  forms of distortion (e.g.,
amplifier noise, nonlinear amplifier and mixer distortions, I/Q  imbalances,
phase noise, etc.) are modeled by additive error signals 551a, 55 lb which
are  introduced via signal combiners 552a, 552b. The resulting signals 553a,
553b are summed in a  signal combiner 554 to produce the RF signal 201.
Referring to Figure 5A, one example embodiment of the transmit processes
502a 502b  can be described as follows. The incoming data 501 a, 50lb is
initially processed by a process  510 in which the incoming data is encoded,
interleaved, converted from serial to parallel form,  and mapped according
to quadrature amplitude modulation (QAM). The resulting quadrature  signals
Ul(k) 511i, 511q are processed according to an inverse Fast Fourier
Transform (IFFT)  512, following which the resulting signals 5131, 513q are
converted from parallel to serial form  in a conversion process 514. The
resulting serial signals 515i, 515q have a cyclic prefix added in  the next
process 516, thereby producing the quadrature data signals 517i, 517q for
transmission. A preamble generator 518 produces the quadrature preamble
signals 519i, 519q. The  data 517i, 517q and preamble 519i, 519q signals are
provided to a signal router, e.g., switch 520.  In accordance with a control
signal 521 c, the router 520 selects the preamble signals 519i, 519q,
followed by the data signals 517i, 517q. The selected signals 521i, 521q are
converted by  digital-to-analog converters (DACs) 532i, 532q to analog
signals 533i, 533q prior to being  buffered in buffer amplifiers 5221, 522q
and mixed in signal mixers 524i, 524q with quadrature  conversion signals
53li, 531q (discussed in more detail below), with the resultant signals
525i,  525q summed in a signal combiner 526 to produce the output signals
503a, 503b. A local oscillator circuit 528 provides quadrature local
oscillator signals 529i, 529q  which are mixed in signal mixers 530i, 530q
with quadrature signals 531 a, 53lb which are used  to model the quadrature
imbalance of the signal transmission path, thereby producing the  quadrature
local oscillator signals 531i, 531q. The signal gains Gi, Gq of the buffer
amplifiers  



522i, 522q are used to model the amplitude imbalance of the quadrature
signal transmission path. Referring to Figure 6, the measurement software
402, in accordance with one  embodiment of the presently claimed invention,
performs a number of tests and operations which  can be represented as a
process flow 600. The incoming sampled data vector 3211/321q is used  in a
number of processes, including spectrum computation 602, matched filter
detection 604 and  frequency correction 606. The spectrum computation 602
provides data 603 representing the 8 WO 2007/038279 PCT/US2006/036995  power
spectrum of the combined signal, e.g., by averaging the results of Fast
Fourier Transform  (FFT) processes. The matched filter detection process 604
detects the start of the signal, symbol  boundaries and frequency error for
the incoming signal 321i1321q. Frequency error information  605a is provided
to the frequency correction process 606, while start of signal 605b and
symbol  boundaries 605c information are provided to a parallel conversion
process 608. The incoming signal 321i/32lq has its nominal frequency
corrected in the frequency  correction process 606 in accordance with the
frequency error information 605a. The corrected  signal information 607 is
converted to parallel signal information by the parallel conversion  process
608 in accordance with the start of signal 605b and symbol boundary 605c
information. The parallel signal information 609 is processed using a FFT
process 610 to produce  frequency domain information Yl(k)* + Y2(k)* 611
corresponding to the original data  transmission signal 201. This
information 611 is provided to a preamble processing process 612  (discussed
below). Additionally, a summing process 616 further processes this
information 611  by subtracting reference signal information 615 (discussed
below) to produce the error signal in  the frequency domain 617 present in
the original data transmission signal 201. The preamble processing process
612 produces control data 613a, 613b for filter  processes 506aa, 506ba
(discussed below). Additionally, it produces data 613c representing the
power level of each of the data transmission signals 553a, 553b, data
representing imbalances  between the I and Q data signals for each
transmitter (e.g., phases and amplitudes as discussed  above for Figure 5A),
and the spectral flatness of each data transmission signal (amplitude of
each OFDM carrier in the data transmission signals 553a, 553b). 



For testing purposes, the original data being transmitted by the
transmission system 500  under test is known, and is provided as known data
501aa, 501ba for duplicate transmit processes  502aa, 502ba within the
measurement software 402. The resulting duplicate frequency domain  data
signals U1(k)* 503aa, U2(k)* 503ba are filtered by filtering processes
506aa, 506ba  intended to simulate the original filters 506a, 506b of the
transmission system 500, in accordance  with the filter control data 613a,
613b. The resulting filtered data S1(k)* 507aa, S2(k)* 507ba  are summed in
a combining process 614 to produce the reconstructed ideal transmitted
signal  615, which is subtracted from the received signal 611 to produce the
composite error signal 9 WO 2007/038279 PCT/US2006/036995  E1(k)* + EY2(k)*
617. Using standard formulas, the EVM can be computed from this  composite
error signal 617. It should be readily understood that the known data 501aa,
501ba may have been  processed within the set 500 of transmitters by a
scrambler (e.g., within the transmit processes  502a, 502b) with an unknown
starting state. Such an uncertainty can be resolved within the  receiver 600
using a process by which data retrieved from the incoming signal 321i/32 1q
is  correlated against all possible scrambler starting states. Based upon
the foregoing discussion, the signal measurements, as depicted in Figure 6,
can be summarized as follows: The beginning of the incoming signal and
symbol boundary are  detected, e.g. using a matched filter for the preamble.
The output of the matched filter is used for  deriving the signal carrier
frequency offset, from which the appropriate frequency correction can  be
computed and applied in the time domain. (It should be readily understood
that other well  known techniques can be used to achieve this as well, e.g.,
power envelope detection or  autocorrelation.) The remaining portion of the
incoming signal, e.g., data following the preamble, is  processed using a
Fast Fourier Transform (FFT), with each FFT output representing one symbol.
With each FFT output having N values, a subset Ni of these values represent
orthogonal  frequency division multiplexed (OFDM) signal carriers containing
information. Typically, the  value N has a power of two and Ni is
approximately equal to N-10. The MIMO preamble  structure used for M
transmitters allows setting up M equations with M unknowns for each  



OFDM carrier Nl present in the transmitted signals Y1(k), Y2(k). Solving
these equations  provides estimates of the amplitude and phase responses Hl,
H2 for each carrier transmitted in  these signals Yl (k), Y2(k). The channel
flatness is determined by the amplitude responses of the  filters H1, H2,
while the power level is determined by summing the power of each carrier in
the  transmitted signals Yl (k), Y2(k), and the I/Q imbalance is computed by
evaluating the  correlation between the positive and negative carriers
around the center frequency for each of the  transmitted signals Yl(k),
Y2(k). Since the content of the preamble is known a priori, and because the
incoming preambles  have distinct cyclic shifts, the signals from the
various transmitters can be separated for each  carrier signal. With
different multiple input, multiple output (MIMO) implementations, different
preambles can be used, with such preambles being designed to be at least
substantially 10 WO 2007/038279 PCT/US2006/036995  orthogonal. If the
original data is known, the transmitters 500 can be operated with scrambling
enabled, since the scrambler setting can be derived with a matched filter,
and if the scrambler  setting is known, the desired reference signal can be
derived. As a result of the foregoing, the power level for each carrier
signal from each transmitter  can be established, from which the useful
power from each transmitter can be determined, as  well as the spectral
flatness, i.e., the uniformity of signal powers across the frequency
spectrum.  The power and phase of each carrier signal for each transmitter
is indicative of the channel  response for each transmitter, as modeled in
the filter processes 506aa, 506ba. By comparing these separated transmitter
signals, the quadrature (I/Q) imbalance for each  transmitter can be
derived. If the data content is known, as is expected during testing
conditions (while accounting  for scrambler uncertainties, as discussed
above), the error vector magnitude (EVM) can be  calculated by comparing the
outputs of the FFT process with the ideal FFT outputs following  application
of the channel corrections. Computation of the phase noise can be performed
in a  similar manner. By averaging the FFT outputs, the power spectrum of
the combined signal can  be computed. Relative timing can be determined
according to the locations of the peaks of the outputs  



of the matched filter 604. Referring to Figures 6A and 6B, using frequency
domain data signal U1(k)* 503aa as an  example, the time and frequency
domain relationships among the signals can be described as  follows.
Referring to Figure 6A, signal U l (k) is sequence of column vectors, each
having a  number N of FFT elements, with each column representing a symbol
of the packet in the  frequency domain. For example, for an IEEE 802.11 a/g
signal that number N is typically 64 and  the IFFT and FFT functions are
performed with 64 element vector inputs. Signal Ul(k) is the  column vector
for the k-th symbol in the packet. Referring to Figure 6B, signal ul (t) is
the time  domain signal corresponding to Ul(k) (length of preamble not to
scale). For example, the  frequency domain vector Ul (2) corresponds to time
domain signal ul(t) over a time interval t as  follows: To+Tcp+2.T3 < t <
Ts+3.Ts Frequency domain signal U1(k) can be derived from time domain signal
ul(t) as follows:  Ul(k) = FFT(ul(t). ejs") 11 WO 2007/038279
PCT/US2006/036995  where: t=mTea-kTs+To+TcP w = 2 it fa with f0 the
frequency of the local oscillator signals 529i, 529q  Tsa =1/sample clock
frequency of digital-to-analog converter TS = symbol duration, including
cyclic prefix  To = start of first symbol after preamble TcP = duration of
cyclic prefix  k = symbol number in = sample number (e.g., for IEEE 802.11
a/g m=0:63) As discussed above, MIMO transmitters can be tested in parallel
where the outputs of the  individual transmitters are combined, e.g., via a
power combiner, to feed the combined signal  into a single test instrument
capable of performing true signal analysis. By using advanced  signal
processing algorithms many individual parameters can be extracted for the
individual  transmitters using the combined signal. This analysis is based
on knowing the data that was  transmitted, as well as the fixed portion of a
MIMO data packet (e.g., a data packet header). This  



ability has great advantages in a production system as it allows parallel
testing of a MIMO  transmit system using only a single test instrument,
thereby offering fast test speed and low cost,  thus meeting the requirement
of lowest possible production cost. One desirable test would be that of
measuring individual compression of the different  transmitters used in a
MIMO system and to assign a quality measure to each transmitter. When a
transmitter compresses the transmitted signal, this degrades the quality of
the signal, which can  be expressed via the EVM as a measure of how much the
transmitted signal differs from an ideal  signal. For OFDM signals the EVM
is expressed as the difference between the constellation  diagram for each
carrier and the ideal constellation diagram, e.g., as set forth in the EVM
requirements for the IEEE 802.11 a/g standards. One method to associate
compression levels  with individual transmit chains is by measuring the
complementary cumulative distribution  function (CCDF), which is a well
known characteristic (this method is discussed in more detail  below).
Referring to Figure 7, another method is to characterize the non-linear
behavior causing  the compression. The output x(t) from a non-linear
element, such as a power amplifier, can be  expressed in terms of its input
signal y(t) as follows: x(t) = al * y(t) + a3 * y3(t) + a5 * ys(t) + ...  12
WO 2007/038279 PCT/US2006/036995  where a3 and as are the non-linear
coefficients that determine the power of the third and fifth  order
responses. The quality of the signal of each transmitter in terms of its EVM
can be derived  from the compression characteristics, i.e., coefficients a3
and as, for each transmitter from the  composite signal. The composite error
signal 617, the first locally generated ideal transmitter signal 507aa,  and
the second locally generated ideal transmitter signal 507ba, which are in
the frequency  domain, are transformed to the time domain, one symbol at a
time, through respective IFFT  processes 702a, 704a, 704b. The first
transmitter time domain signal 705a is processed  according to third 706a
and fifth 708a order non-linear processes. The results 707a, 709a are
correlated with the composite error signal 703 ei(t)* + e2(t)*. The first
correlator output 711 a a13  is an estimate of the a3 term for the first
transmitter for each symbol, while the second correlator  



output 71 lb at5 is an estimate of the as term for the first transmitter for
each symbol. Similarly,  the third correlator output 711 c a23 is an
estimate of the a3 term for the second transmitter for  each symbol, while
the fourth correlator output 711 d a25 is an estimate of the as term for the
second transmitter for each symbol. An EVM computation process 712 averages
these estimates  over the packet, with the averaged estimates used to
address lookup tables to determine the  expected EVM difference 713a between
the transmitters and compression based EVM estimates  713b, 713c. Referring
to Figure 8A, a test configuration 800a includes the DUT 802 with multiple
(e.g., two) transmitters 804a, 804b, a signal combiner 806, a VSA 808, and a
computer 810. The  computer 810 contains and runs DUT control software 812
which provides instructions and data  to and receives data from the DUT 802
via an interface 813, and VSA control software 814 and  analysis software
816 which exchange data and instructions mutually as well as with the VSA
808 via another interface 815. Referring to Figure 8B, in an alternative
test configuration 800b, switches 820a, 820b are  interposed between the
transmitters 804a, 804b and signal combiner 806, and controlled by
instructions from VSA and switch control software 814b in the computer 810.
Referring to Figure 8C, in an alternative test configuration 800c, the
signal combiner 806  is removed and each transmitter output 805a, 805b is
measured directly by its own VSA 808a,  808b. 13 WO 2007/038279
PCT/US2006/036995  Referring again to Figure 8A, according to one test
configuration, the first transmitter 804a was operated at a constant output
signal 805a compression thereby producing an EVM of - 32 dB, while the
compression of the second transmitter 804b was varied. The EVM of the
second transmitter 804b was measured using the single VSA 808. To obtain an
EVM reference,  the EVM from the second transmitter 804b was measured
directly with the VSA 808 connected  to the second transmitter 804b only,
i.e., without the signal 805a of the first transmitter 804a  being added.
Referring to Figures 9A and 9B, the EVM of the two measurements can be
compared.  The horizontal axis shows the EVM of the second transmitter 804b
when analyzed with the  



reference software. The vertical axis shows the error (in dB) in the EVM
when using the  composite measurement technique. For this particular test,
intended for use with an IEEE  802.11a1g system, the range of EVM of
particular interest is between -24 and -27 dB, as the  acceptance limit for
the highest data rate is -25 dB. Figure 9A illustrates the case where the
two  transmitters are set to transmit at equal power (pre-compression),
while Figure 9B illustrates the  case where the first transmitter 804a is at
a level one decibel higher than the second transmitter  804b. In the range
of interest, the error shows a small positive bias with Figure 9A having an
error range of +/- 1 dB and Figure 9B having an error range of +/- 1.5 dB.
These tests were  performed with relatively short packets of only 24
symbols. Increasing the length of the packets  will improve the accuracy.
Referring to Figures 10A and 10B, the EVM of each transmitter 804a, 804b can
be  affected by other impairment sources. By comparing the correlation
levels from the different  transmit chains, the compression of each
transmitter can be monitored. With the horizontal axis  as a function of the
ratio of the third order correlation coefficients (= 10* logio(average(a13)
/  average(3Z3))) and the vertical axis as the difference in EVM between the
transmitters 804a,  804b, Figure 10A illustrates the case where the
transmitter output signals 805a, 805b are equal in  power prior to
compression (no non-linearity), while Figure I OB illustrates the case where
the  first transmitter 804a is at a level one decibel higher than the second
transmitter 804b. Another desirable test is that of measuring individual
compressions of the different  transmitters used in a MIMO system.
Compression is often measured in form of CCDF in  signals with high peak to
average ratio, e.g., OFDM signals, and offers significant information  that
can help verify the performance of a transmitter. In a well designed system,
the transmitted 14 WO 20071038279 PCT/US20061036995  signal power is
adjusted to a certain level of compression such that the transmit quality
requirement is satisfied. Decreasing the output signal power will cause
increased power supply  current consumption, but increasing the power will
bring the system into deeper output signal  compression thereby causing the
transmit quality to degrade to the point where system  performance maybe
limited by poor transmit quality. Referring to Figure 1 IA, a typical CCDF
curve for an IEEE 802.11 a/g (OFDM)  



transmitter presents the probability for the signal to have X-dB or more
instantaneous power  relative to the average power. Curve 1102 represents
the measured CCDF of a typical well  designed transmitter, while curve 1104
represents the theoretical CCDF if there is no signal  compression. The
offset relative to the average power is on the horizontal axis and the
probability is on the vertical axis. The end point 1106 of the compressed
CCDF curve can  represent a level of compression, as it indicates the degree
of compression of the highest peaks of  the input signal. In this example,
the output signal is compressed about 3 dB relative to the  theoretical
signal. This point 1106 may vary some with shorter data packets, as the
packet  contents (uncompressed) may not precisely follow the theoretical
curve 1104 due to the  relatively low probability to get to this level of
peaking. Therefore, this point 1106, while often  used to visually identify
compression, should only be seen as an indication of compression. A CCDF is
by itself a relatively simple function to derive. The problem is that in a
production setup, one is typically looking for a signal with high
compression, e.g., caused by a  bad circuit component. In a single
transmitter system one will easily be able to identify the  compression
(Figure 11A) where the higher curvature is an indication of compression. A
signal  can exhibit up to 10dB peak power relative to the absolute power,
but the measured transmitter  output may only show about 7 dB of peaking;
thus the transmitter will compress the highest  peaks to about 7 dB. Because
these peak levels are relatively rare, such compression will  generally not
affect the transmitter performance enough to prevent recovery of the
transmitted  data based on normal performance margins and error correction.
This is also true for MIMO  systems if both transmitters show the same
compression. However, a MIMO system with a faulty transmitter may produce
both a compressed  signal and anon-compressed signal, thereby exhibiting
different signal transmission properties.  If the signal peaks are
uncorrelated, such as for a multi-stream MIMO signal, it maybe difficult  to
measure compression by looking at the combined signal. If both signals show
no 15 WO 2007/038279 PCT/US2006/036995  compression, the absolute peak would
be 3dB above the peak of each signal. However, the RMS  power is also 3 dB
higher, so the maximum 10 dB peak to average is maintained. If one signal
shows no compression and the other shows some compression, e.g., 7 dB
maximum peak as  



discussed above (CCDF would stop at 7dB), when the two signals are combined,
the CCDF will  show about 1.3 dB reduction in peaking (for equal RMS signal
powers). If the compression in  increased to 5 dB, the composite CCDF will
only show 1.8 dB compression relative to the  theoretical signal, and if it
is further reduced to 3 dB peaking, the CCDF will show 2.2 dB  relative to
the theoretical signal. Typically, compression will limit performance of a
transmitter  to a peaking range between 6.5 dB and 7 dB, and if one of the
two transmitters has failed, the  overall MIMO system becomes faulty.
Referring to Figure 11B, a comparison between CCDF curves for composite and
individual CCDF for a dual-transmitter MIMO signal. Curve 1108 is the
theoretical curve for  the MIMO OFDM signal, while curve 1110 is the
composite (combined) CCDF. The curve for  the uncompressed input of one of
the two MIMO transmitters is virtually identical to the  theoretical curve
1108. Curve 1112 is for the other MIMO transmitter and indicates significant
compression close to that for an optimally calibrated transmitter. From this
it seems clear that  using a measurement of CCDF on the combined signals
provides very little information. One  can hardly distinguish the combined
signal from the theoretical one, while at the same time one  of the
transmitters are compressed to maximum for a good system. Therefore, it is
not likely that  one can adequately measure CCDF with a single traditional
instrument capable of measuring  CCDF as is often desired for a production
test setup. However, CCDF is a desirable analysis  tool which can often help
improve production test speed, as it is a simple analysis and offers
important insight into the signal composition. By measuring the composite
signal EVM, other contributors to the composite EVM can  be identified, and
by then also knowing the compression characteristics, it can be determined
if  the EVM contributions are similar for the different signal transmission
paths or if the effects of  one signal transmission path dominates the
composite EVM. Referring to Figures 12A and 12B, a comparison, in the time
domain, of a time sample of  an ideal uncompressed signal (Figure 12A) and a
compressed version of the same time sample  (Figure 12B) will reveal CCDF
characteristics similar to curve 1102 of Figure 11 A, and the fact  16 WO
2007/038279 PCT/U52006/036995  that the compression does not affect the
location of peaks, and attenuates larger peaks more than  



smaller peaks. Referring to Figures 13A and 13B, for a composite signal of
two MIMO signals, Figure  13A depicts the result when both signals are not
compressed, while Figure 13B depicts the result  when one of the two signals
is compressed to a level as depicted in 1102 of Figure 11A. From  this it
seems that in some cases the compression can be seen, while in other cases
the signals  continue to exhibit full peaking. As expected, the compressed
signal (Figure 13B) peaks less,  but it is not easy to identify the
compression without comparing to the reference uncompressed  signal (Figure
13A). Referring to Figures 14A-14C, two individually transmitted signals
(Figures 14A and  14B) produce the composite signal (Figure 14C), in which
it can be seen that in some instances  one signal dominates the peaking, in
other instances the other signal dominates, and in still other  instances
both signals peak simultaneously thereby causing the composite signal to
peak even  more. Referring to Figures 15A-15D, the same individually
transmitted signals (Figures 15A  and 15B), but with one signal compressed
(Figure 15A) and the other signal not compressed  (Figure 15B), produce
another composite signal (Figure 15C). For comparison, with no signal
compressions, yet another composite signal (Figure 15D) is produced. As
discussed above, if the data sent via the MIMO signal is known, it is
possible to  estimate the ideal composite signal and from that estimate the
EVM. The process extracts the  received signal, aligns it in frequency and
time to the ideal reference signal, and compares it  against the reference
signal, with the extracted signal and reference signal being similar to
those  signals depicted in Figures 15C and 15D, respectively. From the
individual signal measurements  it can be seen that the two individual
reference signals exist, so the individual signals also exist.  Accordingly,
the different peaking points of the two signals can be identified, and how
they  correlate to the composite (combined) signal. With this knowledge it
is possible to analyze the  composite signal at the point where one of the
signals, as the dominant contributor, dominates  the other in power, at
which point the ideal composite signal can be compared to the actual
measured signal, and compression for the dominant signal can be determined.
Referring to Figure 16, one example of circuitry 1600 for acquiring the
measured signal  and comparing it to the reference signal includes signal
envelope detection circuits 1602, 1614a,  



17 WO 2007/038279 PCTIUS2006/036995  1614b, IFFT circuits 1612a, 1612b,
threshold comparison circuits 1616a, 1616b, switching  circuits 1604a,
1604b, power computation circuits 1606a, 1606b, and histogram computation
circuits 1608x, 1608b, substantially as shown. The envelope incoming sampled
data vector  signal321i/321q is detected and made available for switching as
determined by control signals  1617a, 1617b (discussed below). The power
levels of the switched signals 1605a, 1605b are  determined, with the
resulting signal power data 1607a, 1607b used to compute the CCDF curves
for each transmitter. The locally generated ideal transmitter signals 507aa,
507ba, which are in the frequency  domain, are transformed to the time
domain through their respective IFFT processes 1612a,  1612b. The envelopes
of the transmitter time domain signals 1613a, 1613b are detected and
compared against respective thresholds to determine the low power points of
the transmitter  signals. The resulting control signals 1617a, 1617b are
used to switch, or enable, the envelope of  the detected composite signal
envelope 1603 as discussed above. Alternative techniques include use of an
iterative approach and other variations of actual  derivation of the CCDF
curves for the respective transmitters, with all being based on the basic
approach of comparing the different signals to know the relative powers of
the signals, and then  compare that result to the measured composite CCDF
curve. Various other modifications and alternations in the structure and
method of operation of  this invention will be apparent to those skilled in
the art without departing from the scope and the  spirit of the invention.
Although the invention has been described in connection with specific
preferred embodiments, it should be understood that the invention as claimed
should not be  unduly limited to such specific embodiments. It is intended
that the following claims define the  scope of the present invention and
that strictures and methods within the scope of these claims  and their
equivalents be covered thereby. 18 WHAT IS CLAIMED IS: 1. An apparatus
including a vector signal analyzer for simultaneously testing a plurality of
orthogonal frequency division multiplexed (OFDM) signals, comprising: 



signal transformation means for transforming a composite data signal,
received via a  signal communication path and containing a plurality of OFDM
signals, to provide a  plurality of transformed data signals, wherein said
composite data signal originates from a remote signal source having a
plurality of signal transmission processes associated therewith and includes
a  plurality of data packets each of which includes a respective portion of
a plurality of  preamble data and a respective portion of a plurality of
transmit data, each said respective portion of said plurality of transmit
data corresponds to a  respective portion of known data in relation to a
respective one of said plurality of  signal transmission processes and said
signal communication path, and each of said plurality of transformed data
signals includes a respective portion of  said plurality of data packets;
and signal processing means for receiving and processing said known data, at
least said  respective portion of said plurality of preamble data and at
least said respective  portion of said plurality of transmit data to provide
a plurality of test data indicative  of an error vector magnitude (EVM)
associated with said composite data signal. 19 WO 2007/035279
PCT/US2006/036995  2. The apparatus of claim 1, wherein said signal
transformation means comprises:  signal detection means for detecting a
plurality of characteristics of said composite data signal to provide a
plurality of control data corresponding to a frequency of said composite
data  signal, starting times for respective ones of said plurality of data
packets and symbol boundaries  for data within said plurality of data
packets; signal frequency correction means for responding to a portion of
said plurality of control  data by correcting said composite data signal
frequency to provide a corresponding data signal  having a desired nominal
frequency; signal conversion means for converting said corresponding data
signal to a plurality of  parallel data signals; and Fast Fourier
transformation (FFT) means for transforming said plurality of parallel data
signals to provide said plurality of transformed data signals. 



3. The apparatus of claim 1, wherein said signal processing means comprises:
preamble processing means for processing said at least said respective
portion of said  plurality of preamble data to provide at least a plurality
of control data; data processing means for responding to said plurality of
control data by processing said  plurality of known data in accordance with
a plurality of processes at least substantially similar  to said plurality
of signal transmission processes to provide a plurality of reconstruction
signals;  and signal summing means for summing said plurality of transformed
data signals and said  plurality of reconstruction signals to provide said
plurality of test data. 4. The apparatus of claim 3, wherein said preamble
processing means is further for  processing said at least said respective
portion of said plurality of preamble data to provide a  plurality of
additional data indicative of one or more signal transmission
characteristics of said  plurality of OFDM signals. 20 WO 2007/038279
PCT/US2006/036995  5. The apparatus of claim 4, wherein said one or more
signal transmission characteristics includes one or more of a power level,
quadrature signal imbalance and spectral  flatness of each of said plurality
of OFDM signals. 6. The apparatus of claim 1, further comprising signal
spectrum analyzer means for  analyzing one or more spectrum characteristics
of said composite data signal to provide a  plurality of spectrum data
indicative of at least one of said one or more spectrum characteristics. 21
7. A method for simultaneously testing a plurality of orthogonal frequency
division  multiplexed (OFDM) signals, comprising: transforming a composite
data signal, received via a signal communication path and  containing a
plurality of OFDM signals, to provide a plurality of transformed data
signals, wherein said composite data signal originates from a remote signal
source having a  plurality of signal transmission processes associated
therewith and includes a plurality of  data packets each of which includes a
respective portion of a plurality of preamble data  



and a respective portion of a plurality of transmit data, each said
respective portion of said plurality of transmit data corresponds to a
respective portion of known data in relation to a respective one of said
plurality of signal  transmission processes and said signal communication
path, and each of said plurality of transformed data signals includes a
respective portion of  said plurality of data packets; and receiving and
processing said known data, at least said respective portion of said
plurality of preamble data and at least said respective portion of said
plurality of transmit  data to provide a plurality of test data indicative
of an error vector magnitude (EVM)  associated with said composite data
signal. 8. The method of claim 7, wherein said transforming comprises:
detecting a plurality of characteristics of said composite data signal to
provide a  plurality of control data corresponding to a frequency of said
composite data signal,  starting times for respective ones of said plurality
of data packets and symbol boundaries  for data within said plurality of
data packets; responding to a portion of said plurality of control data by
correcting said  composite data signal frequency to provide a corresponding
data signal having a desired  nominal frequency; converting said
corresponding data signal to a plurality of parallel data signals;  and
transforming said plurality of parallel data signals in accordance with a
Fast  Fourier transformation (FTT) to provide said plurality of transformed
data signals.  32 WO 2007/038279 PCT/US2006/036995  9. The method of claim
7, wherein said receiving and processing comprises:  processing said at
least said respective portion of said plurality of preamble data to  provide
at least a plurality of control data; responding to said plurality of
control data by processing said plurality of known data in  accordance with
a plurality of processes at least substantially similar to said plurality of
signal  transmission processes to provide a plurality of reconstruction
signals; and 



summing said plurality of transformed data signals and said plurality of
reconstruction  signals to provide said plurality of test data. 10. The
method of claim 9, wherein said processing further comprises processing said
at least said respective portion of said plurality of preamble data to
provide a plurality of  additional data indicative of one or more signal
transmission characteristics of said plurality of  OFDM signals. 11. The
method of claim 10, wherein said one or more signal transmission
characteristics includes one or more of a power level, quadrature signal
imbalance and spectral  flatness of each of said plurality of OFDM signals.
12. The method of claim 7, further comprising analyzing one or more spectrum
characteristics of said composite data signal to provide a plurality of
spectrum data indicative of  at least one of said one or more spectrum
characteristics. 23 


