WLAN/Bluetooth

Using advanced signal analysis to identify
sources of WLAN transmitter degradations

Design engineers can use measurements of the error vector magnitude, frequency
error, phase noise, and the transmit power envelope to identify the sources of
degraded WLAN transmitter performance. In particular, techniques are described
to identify and troubleshoot the impacts of amplitude, phase, and group delay
imbalances between the | and Q channels, phase noise, spurious signals and
transient effects, and signal compression on transmitter performance.

By Christian Olgaard

he performance of an 802.11/a/b/g wireless local area netwarskshown in the complex plane in Figure 1.

(WLAN) transmitter directly affects product quality. Giventhe As can be seen, the measured signal differs from the ideal signal ir
crowded field and thin profit margins typical of today’s WLANamplitude and phase. Completely deterministic and non-varying im-
product market, enhanced quality can differentiate a product grarments would simply shift the signal from its ideal point. In the
increase its sales, reduce product returns, and improve manufactusimegence of intersymbol interference and noise, however, repeate
yields and thus profitability. Transmitter performance, howevemeasurements will typically show the measured signal to vary ran-
is sensitive to RF section design choices, circuit board layaldmly about the ideal signal, defining an “error cloud” around the
and implementation, and component variations and changes, aridéal constellation point.
further complicated by the different modulation types and frequencyQuantitatively, EVM is a statistical estimate of the magnitude of
bands demanded by the 802.11a/b/g standards. the error vector normalized by the magnitude of the ideal signal.

Test instruments that combine spectrum analyzer, vector sigRal a specific symbol, EVM is mathematically defined as:
analyzer (VSA), and power meter capabilities with signal analysis

software—such as LitePoint's IQview™ 802.11a/b/g WLAN Test M >0
Solution and its associated 1Qsignal Software Suite—provide the D; HZ(k)—R(k)H g
necessary tools to assess most WLAN transmitter issues. The sg@M = [L=—; g
trum analyzer and power meter capabilities allow measurement of o ZHR(k)HZ O
frequency offsets, signal transients, phase noise, in-band power, H £ H

adjacgnt channel power, aqd oth.er parameters, while the V%ere Z is the measured signal corrected as may be necessary fi
capability can demodulate a given signal into quadrature componeam

and capture a complex waveform as a vector characterized by ma ?{time and frequency offsets; R is the ideal or reference signal, ar
P p - eadby al version of the signal being measured; M is the number of
tude and phase or as a complete symbol constellation. Signal analysis

software can then simplify the measurement process as well as dgtive
statistical performance estimates. 2 ' T ' T

With these tools, measurements can be made in the modulatjon, ; : d
time, and frequency domains to assess and troubleshoot transnjitter 7" ‘t : * t ’ " o on 'ﬂ,
performance in the design process and during production. Moreoyer, : : ]
these tools simplify analysis of the complex waveforms employedjpy & i i * " o el 48
802.11a/b/g by allowing measurement of a single convenient figurg of : :
merit, the error vector magnitude (EVM), to reduce the many pargm- 3 i- B W W " & * iy
eters that characterize a transmitted RF signal to a single paramgter. : '

In production line testing, EVM can be used as a pass-fail metfic, 1 B ¥ & w %W oW
simplifying transmitter quality assurance and increasing test throughy : W,

put, while in the design process, EVM is a valuable indicator jof .j | 'i'.'.‘\* i
overall signal quality. 7 ;

Error vector mag- at---Mp - 4 B .
nitude is a direct mea- - L ' " ﬁ
sure of modulation ac- i
curacy and transmitter S 5 " - * v-w ,* i i
performance. Qualita- ihobebtoa g S, 3 ' # :
tively, EVM reflects ’_f;-‘ T ﬁ ﬂ" * " +l ".' *

] - M .
the error vector, de- / 9 - : : : : . i :
fined as the difference 3 _d__F__d_-‘ 8 7 =5 R ' 3 5 ; o
between a measureq =" ka3l [redarance) signsl A
signal and its ideal er- it : '
rc_)r'free point in the Figure 2. 802.11a/g 64-QAM OFDM constellation with 2% amplitude and
signal constellation, Figure 1. Modulation accuracy. 2° phase imbalances.
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0 T
= 10 PER) and the overall system communications performance. By contras!
=) the actual measurement of the signal-to-noise power ratio does no
e I LN N L S i capture the effects of signal distortions, and a measureghaNRIue
T - ; wy will not necessarily be an indicator of BER or PER performance.
T 0 : . * For the lower order modulation types employed by 802.11b, a
1 e e L ogE e T relatively large EVM value is allowed by the standard, while for the
= W LR e : 3 |y L higher order modulation types employed by 802.11a/g, more strin-
[~ A e - gent (lower) EVM values are specified. The calculation of EVM is
E i T : _ P ELE 2 | also specified differently by the standards for different modulation
T , i techniqgues—for the relatively low data rate direct sequence spreac
E : : spectrum signals of 802.11b/g, EVM is calculated as a peak value
w 1 : while for the high data rate OFDM signals of 802.11a/g, EVM is
50 i } i i averaged over multiple carriers and multiple symbols. Intuitively, the
: ; transmit EVM must be small enough so that the distorted signal doe:
not near the symbol constellation’s decision boundaries, especially in
&0 i . i i e . X ‘
=20 -10 f 10 20 the presence of additive noise and other channel and receiver effect:
i The highest 802.11a/g data rates employ high-order modulation
Sub Carrier Number techniques and are more susceptible to the effects of transmit signe
Figure 3. EVM vs. subcarrier for a 64-QPSK OFDM signal with ~1 ns impairments—a given EVM value will affect a 16-QAM or 64-QAM
group delay imbalance. signal more than a QPSK or complementary code keying (CCK)

. . signal because of the smaller decision regions.
measurement samples; and k is the sample index.

The definition of EVM can then be extended to all the symbols OEFee resentative transmitter impairments

given modula_tion scheme by averaging over a large number of_sam most 802.11a/b/g implementations, the WLAN baseband
symbols. A single EVM value reflects the overall signal quality. Bg/rn '

definition. EVM is al it ber less th 't Processor modulates the signal and, after on- or off-chip digital-to-
eninition, IS always a positive number 1ess than or equal 1o Unily, 5154 conversion, provides | (in-phase) and Q (quadrature) analo

Expressed in decibels or as a percentage, EVM s, respectively: 5 ,y0ts at baseband that are then upconverted by the RF sectiol
EVM ; = 20* log,,(EVM) Operation of the WLAN baseband processor is generally not the
source of transmit signal impairments; rather, impairments typically
result from analog variations in the signal path through the printed
EVM,, =100* EVM circuit board (PCB) implementation and the RF circuitry. Component
For example, an EVM dB value of —25 dB is equivalent to an EVNariations, imperfect PCB trace layout, crystal oscillator and fre-
percent of approximately 5.6%. The better the signal quality, theency synthesizer instability, power amplifier distortions, and the
lower the EVM value: a good transmit signal’s EVM, expressed jesence of spurious signals can all contribute to a degraded transm
decibels, will be a larger negative number than that of a poor sigrsiginal. By definition, EVM captures the effects of many different
alternatively, a good signal’'s EVM, expressed as a percentage, wilignal distortions. A poor EVM measurement by itself indicates a
a smaller percentage than that of a poor signal. problem that, especially when combined with measurement of other
EVM is used in the 802.11/a/b/g standards to specify the overadirameters, can help identify such transmit signal impairments as:
modulation accuracy of a transmitter, with guidelines given for hgw

and

EVM should be measured for the direct sequence spread specfrum # v ' .
signals of 802.11b and 802.11g and for the orthogonal frequency division : : :
multiplexing (OFDM) signals of 802.11a and 802.11g. For example, fhe 7 f #‘ o o . gy, ﬁ\_ -
802.11a/g standards employ binary phase shift keying (BPSK), quafra- : : -
ture phase shift keying (QPSK), 16-bit quadrature amplitude modulafion 5 | , # o - e W \ |
(16-QAM), and 64-QAM OFDM signals. For those signals, EVM |s r : -
defined in the standard by sampling the signal over all the OFDM data 3| .. f ; ; i ’ ey By " 2k "i e
subcarriers that constitute a symbol and over all the OFDM symbols that : :
constitute a frame (with a minimum of 16 symbols per frame), then § ‘ ’ ¥ TRTRY TRURY SERE ‘ ‘ ]
normalizing by the average power of the signal constellation and ave| ag- 5 * T B
ing over at least 20 frames. In this way, a single EVM value canfbé 4| . ‘ t el i J ‘ A * |
determined for each particular 802.11a/b/g mode. :

As a measure of overall modulation accuracy, EVM reflects mgny P ’ i
different signal distortions. For many modulation schemes, it can|be d 1 ‘, b e L * l
shown that the reception of a distorted signal with a specific EVM is . . ’
equivalent to the reception of a distortion-free signal in additive whjte < F \ ‘c - -" # 1
Gaussian noise with an effective signal-to-noise ratio (SNR) invergely " F
proportional to the square of the EVM value: -7 \. H e, Wl i f’ 1
NRyey DV[EVMT 9 P — R

e HTEM . . # 7 £ 4 4 1 8 5 T 8

The proportionality depends on the particular modulation schere,

reflecting, for example, the peak-to-average power ratio or the gro- '

cess gain. For a particular mOdU|ati0U scheme, SRhRand the  Figure 4. 802.11a/g 64-QAM OFDM constellation with 3° rms phase
measured EVM can be related to the bit or packet error rate (BER@se.
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Figure 5. Phase noise PSD of a 64-QAM OFDM signal mixed by a

degraded LO signal.

m |/Q imbalances (amplitude, phase, group delay);
m phase noise;

m spurious signals and transient effects; and

m effects of signal compression.

I/Q imbalances

———_——ees

results in an EVM value of approximately -30 dB, where this value
would be approximately the same for each of the subcarriers if
measured separately.

Note the two green constellation points in the figure, representing
the four BPSK-modulated pilot tones stipulated by the 802.11a/g
standard. Because there is a fixed relationship between the data th:
modulates the pilot tones, their constellation points appear relatively
clean compared to data constellation points, and they provide an eas
way to qualitatively assess the impacts of 1/Q imbalances. An 1/Q
amplitude mismatch results in the pilot tones separating mostly along
the | axis, while an 1/Q phase mismatch results in the pilot tones
separating mostly along the Q axis. In Figure 2, the pilot tones are
separated along a line that is tilted with respect to the | and Q axes
indicating the presence of both amplitude and phase imbalances.

Besides amplitude or phase imbalances, a constant differentia
group delay between the | and Q signals can also adversely affec
modulation accuracy. Such an imbalance is usually related to the PCE
layout and different trace lengths for the baseband | and Q signals
The constellation will again appear distorted, but the effects of the
differential group delay are dependent on frequency and will affect
each OFDM subcarrier differently. Signal analysis software such as
that provided by IQview can compute the EVM for each of the
different subcarriers. The green line in Figure 3 shows how the EVM
values plotted as a function of the subcarrier index reveal a cleat
correlation to frequency, indicating the effect of a differential group
delay of approximately 1 ns.

Imbalances or mismatches between the | and Q signal paths will

directly affect modulation accuracy. Differences in the parasitfhase noise

capacitances and inductances along the PCB traces for the | and Phase noise can be introduced into a signal when it is mixed with &
signal paths can cause such I/Q imbalances, as can component Viagat oscillator (LO) signal to frequency translate it from baseband to
tions and even design variations in the baseband and RF ICs. FiguR&2The LO phase noise contribution reflects the frequency stability
illustrates an 802.11a/g 64-QAM OFDM constellation in the presf the reference crystal oscillator used by the frequency synthesizer
ence of a combined 2% amplitude and 2° phase mismatch betweenhbdrequency stability of the free-running voltage-controlled oscilla-

I and Q channels. In the figure, each point of the 64-QAM signalr (VCO) used by the synthesizer's phase-locked loop (PLL), and
constellation is displayed as a cloud of red measurements taken ftbenoop bandwidth of the PLL used in the frequency synthesizer. The
each of the 48 OFDM data subcarriers and over many symbd®&l acts as a low-pass filter with respect to the crystal oscillator and
Because of the amplitude and phase imbalances, the constelladi®a high-pass filter with respect to the free-running VCO. Depending
appears to be distorted and smeared rather than composed of shamptiie PLL loop bandwidth, the ideal result is that the synthesizer’'s
defined points. In this example, the effect of the 1/Q imbalanceatput phase noise spectral density is dominated by the generall)
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Figure 6 (L) Fast-settling frequency error caused by frequency pushing of the VCO; (R) slow-settling frequency error caused by frequency
pushing of the crystal oscillator.
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good long-term stability of the crystal oscillator at low frequencihe synthesizer's reference signal, where the red line indicates the
offsets and by the generally good short-term stability of the VCOsgiectral density that would normally be expected.
high frequency offsets, with the in-band noise floor established by the
phase detector and frequency dividers of the PLL itself. Spurious signals and transient effects

Phase noise affects modulation accuracy and, like other impairBefore an 802.11a/b/g design is fit for volume production, the
ments, contributes to EVM. In the display of a signal constellatiomplementation must be free of spurious signals and transients tha
the impact of phase noise is evident as a circular distortion azfversely affect the transmitter performance. As discussed previ-
the signal points about the center of the constellation, as shavusly, the reference crystal oscillator and frequency synthesizer VCO
in Figure 4. In this example, the resultant EVM is approximatefre particularly sensitive to noisy power supplies, direct current to
—25 dB. At low data rates, integration over the symbol time remowdisect current (dc-dc) converter switching noise, or unshielded
the worst effects of short-term frequency instability, leaving only tteignals. Coupling between such spurious signals and the crystal o
residual contribution of the crystal oscillator’s long-term instabilit¢CO can introduce phase noise, degrading the transmitted signal.
With the OFDM signals employed by 802.11a/g at the highest datalransient effects that degrade transmitter performance can be
rates, the effects of phase noise are somewhat mitigated by usingtpecially difficult to isolate and identify. For example, the RF power
pilot tones at the receiver to track phase variations of the signal.aksplifier is generally switched on and off with each burst of WLAN
long as the phase variations are relatively slow with respect to tenmunications in order to minimize power consumption. When the
symbol rate, they can be tracked and compensated. power amplifier is enabled before a burst, the amplifier will start

Excessive phase noise must be eliminated, however, and magtaaving significant current and may cause a drop in the power supply
symptomatic of various implementation problems such as a noigytage or induce a ground current. Unless these effects have bee
crystal oscillator, spurious signals due to noisy power suppliesfally decoupled from the rest of the board, they can affect the crystal
insufficiently shielded activity on the circuit board, incorrect signalscillator or frequency synthesizer, introducing transient frequency
levels of the reference crystal oscillator into the frequency synthesiears and phase noise that momentarily degrade the transmitte
or at the mixer, or other design or manufacturing issues. Inspectiosighal. Such frequency pushing caused by power amplifier turn on
the phase noise power spectral density (PSD) is the best wawrtd the oscillators’ sensitivity to supply voltage can have different
identify excess phase noise as the source of poor EVM. Certamnpacts depending on its duration. As shown in Figure 6, frequency
single-instrument testers with VSA capabilities such as LitePoinpsishing of the synthesizer's VCO will generally settle quickly, recov-
IQview can perform phase noise analysis of the modulated WLANNg within microseconds, while frequency pushing of the crystal will
signal. For example, Figure 5 shows the phase noise power spesgtile slowly, recovering within tens of microseconds.
density for a signal corrupted by leakage of low-frequency noise intoThe 802.11b/g standard requires initial transmission of either a

Circle 24 or visit freeproductinfo.net/rfd Circle 25 or visit freeproductinfo.net/rfd
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Circle 27 or visit freeproductinfo.net/rfd

short or long preamble, with the short premulticarrier OFDM signals employed by
amble being 72 ps in duration and the lon§02.11a/g, however, generally require a greater
preamble being 144 ps. The 802.11a/g stadegree of amplifier back off because of their
dard, by contrast, requires initial transmishigh peak-to-average power ratio (PAPR). The
sion of first 10 repetitions of a short trainingoperating point of the power amplifier must be
sequence totaling 8 ps followed by twaeduced so that the OFDM signal’s input
repetitions of a long training sequence totalvoltage excursions do not bring the amplifier
ing another 8 us. Slow-settling transientnto saturation and induce intermodulation and
frequency errors can disrupt 802.11a/gpectral regrowth effects that adversely affect
signals and can adversely affect even the lothe OFDM signal’'s 52 subcarriers.
data rates supported by 802.11b/g. But even The degree of compression can be most
fast-settling transmit frequency errors cameadily assessed using signal analysis soft-
affect performance if a particular receiveiware such as provided by IQview to calculate
design bases its estimate of the transmihe complementary cumulative distribution
frequency on the first few microseconds ofunction (CCDF) of the transmit output
the received preamble. power. After statistical processing of the
Realizing that such transients are occumeasured signal, a CCDF curve provides an
ring, however, can be difficult, and one mayestimate of the probability of the signal being
not happen to inspect the signal’s frequencgt or above a given power level, expressed in
error vs. time at all stages of the desigulB relative to the average power.
process. Some test instruments such as, for To optimize power consumption, however,
example, 1Qview, allow the calculation ofsome degree of compression is desired. Assum-
EVM for OFDM signals to be based uponing that all other sources of modulation inaccu-
frequency estimation of either the short trainracy have been moderated, transmit power lev-
ing sequence, the long training sequence eis can be calibrated so that the measured EVM
the full packet—if the resultant EVM valuesvalue is within a desired tolerance. This step is
vary significantly, then it is a clue thattypically the last production-line calibration to
the transmit frequency may be subject tde performed. A single-instrument test device

transient errors. like IQview that can quickly measure EVM for
all 802.11a/b/g signals is extremely useful,
Effects of signal compression especially when employed as part of a PC-

To minimize power consumption andcontrolled manufacturing test suite that can
operate at the highest efficiency, an RF powerutomatically set the appropriate controls and
amplifier is ideally operated close to its satulevels in the baseband chipset and RF section to
ration point. Unless the average output powaralibrate the output power to its optimum value.
of the power amplifier is reduced (backed
off), however, different modulation types canConclusion
push the amplifier into its saturation region, The capabilities of a VSA, spectrum ana-
compressing the signal. The non-linearityyzer, and power meter in combination with
associated with amplifier saturation can theadvanced signal analysis software can sim-
lead to harmonic distortion, intermodulationplify the optimization of 802.11a/b/g WLAN
distortion and spectral regrowth, cross moduransmitters. Whether employed as part of
lation, SNR degradation, and modulatiorthe design process or on the manufacturing
inaccuracy. The degree to which the signdloor, the ability to rapidly assess EVM and
can be compressed reflects a trade off bether measurements in the time, frequency,
tween power consumption and signal qualitand modulation domains can shorten design
that directly affects product cost and qualitycycles, improve manufacturing yields, and
With too much compression, the transmitirectly contribute to overall product quality
signal quality will be degraded; with too little and profitability. RFD
compression, a more expensive RF pow
amplifier will likely be required in order to ABOUT THE AUTHOR
achieve the desired average output power.

The single-carrier M-ary phase-shift-key-
ing (M-ary PSK) signhals employed by
802.11b/g can typically be operated in com
pression up until spectral regrowth intro-
duces adjacent channel interference or vig
lates the required spectral mask. Measureme
of the RF output spectrum with a spectrum h h X .
analyzer can quickly reveal such effects. Fg degfe‘? n Ele_ctrlce_ll Engineering from th
such signals, compression generally does noil’_echmcal University Of. Denmark, h°|d,
affect the measured EVM to the point wherge Six patents related to wlreless systems and
it exceeds the value specified by the standa fireutts, and has applied for nine mofe
or significantly affects BER performance. Th wireless system patents.
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