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Abstract— In this paper, we relate the error vector magnitude it has to receive feedback from the receiver end[8]. Since
(EVM) bit error rate (BER) and signal to noise ratio (SNR). EVM can give the desired performance metric before the
We also present the fact that with such relationship it would be 4o maqulation can actually takes place, often BER cal@nati
possible to predict or in cases substitute EVM in places of BER or . . .
even SNR. In doing so, we first define EVM with normalization can be.aVOIded for large _paCk.etS' Th|§ can be dong- without
so that the definition stands for multi-modulation systems, viz. @ny major change of algorithm in adaptive systems, since BER
binary phas shift keying (BPSK), quadrature phase shift keying is a direct consequence of EVM. But again, due to complex
(QPSK) etc. We also compare among the different performance mathematical operations that needs to be done in the digital
metrics and show that EVM can be equivalently useful as signal gjgng| processor for calculation of EVM, for performance
to noise ratio and bit error rate. The relationships are based . L
on stream based communication systems. A few Monte Carlo measures for systems W't.h small packet Communlcatlor'l BER
simulations are carried out to illustrate the performance of EVM Versus SNR can be easier and more useful. In Section IlI
based on these relationships. and IV, BER and EVM will be separately derived from SNR
and later EVM definition would be presented in terms of BER.
In VI, theoretical and empirical observations would be show

Signal to noise ratio (SNR), error vector magnitude (EVMthrough simulations showing the relation of EVM with BER.
and bit error rate are common performance metrics for @sinally, in Section VII, we extend discussions on theseltssu
sessing the quality of communication [7]. SNR is a dire@nd show future directions for such performance metric.
measure of the relative power of the noise compared to signal
Since noise is source of all errors for simplistic Gaussiaise 1. SIGNAL TO NOISE RATIO
channel model, SNR can be used to predict the performance
of the system in terms of correctness of the reception. TheSignal to noise ratio is a relative measure of the signal powe
later can be measured using the bit error rate (BER), whichmpared to the noise power. Assuming Gaussian noise model
gives a simple one-to-one binary decision as to whetherfa wireless channels and complex signals, SNR can be defined
bit is erroneous or not. Due to the simplicity of comparisoras
BER has been a major choice to engineers, industries and
researchers[6], [5], [7]. BER performance against SNR és th

I. INTRODUCTION

Signal Power

popular performance criterion that is used in today’s commu SNR = g

nications systems. On the other hand, EVM is a measure of NOZseTP‘)wer

errors between the measured symbols and expected symbols. _ % P [(It)2 + (Qt)g] 1)
The use of EVM as a performance metric is limited to radio N L Zthl Ins.> + [noal® |

frequency engineering to infer reception the performarice a
the receiver earlier than the BER. In this paper, we show theHere I; and Q; are the in-phase and quadrature signal
relationship among BER, SNR and EVM extended from [gmplitudes of thelM/-ary modulationsy;; andng, are the
and [2]. However, the relationships are based on assumptiorphase and quadrature noise amplitudes of the complee noi
that the communication is stream based or the size of theing considered. Equation 1 shows a direct measure of SNR,
packet is such that the number of samples is much highehich can be used in Monte Carlo simulation procedures for
than the number of distinct modulation symbols. large symbol streams, such that>> N, where N is the

The relationships among these metrics are vital to allomumber of unigue modulation symbols. Often these estimates
re-thinking on using these parameters towards making adape simplified by considering the measure of the ratio of
tive systems. As an example, for BER measurement, it variances of signal and the noise, when both are zero mean
incumbent that signal must be demodulated first at the receiprocesses. For systems, which are sampled at data%gite,
side. For many of todays adaptive systems, viz. minimum lgjives the signal to noise ration directly, whetgis the symbol
error rate (MBER) based adaptive modulation systems etenergy and% gives the noise power spectral density. It is to
this means that for every update in the adaptive algorithime noted that’s = logo M E'b, for such systems.
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I11. BIT ERRORRATE that these modulation schemes are normalized to facilitete

Bit Error Rate (BER) is a commonly used performancg@culation of EVM. _
metric which describes the probability of error in terms of 1h€ normalization is derived such that the mean square
number of erroneous bits per bit transmitted. BER is a dire@fPlitude of all possible symbols in the constellation of an
effect of channel noise for Gaussian noise channel moddRodulation scheme is one. Thus, EVM is defined as the
For fading channels, BER performance of any communicatiéfot-mean-square (RMS) value of the difference between a
system is worse and can be directly related to that of tg@llection of measured symbols and ideal symbols. These
Gaussian noise channel performance[4]. Considefifigry differences are averaged over a given, typically large rermb
modulation with coherent detection in Gaussian noise abianf SymPpols and are often shown as a percent of the average

and perfect recovery of the carrier frequency and phasepit °OWer per symbols of the constellation. As such EVM can be
be shown that[4] mathematically given as[1]

%201 180 = Sonl? .
T —N 2 ) %)
N 2on=1Son

where L is the number of levels in each dimension of the where S, is the normalizednth symbol in the stream of

M-ary modulation systent, is the energy per bit an, /2 is measured symbols5 ,, is the ideal normalized constellation

the noise power spectral densify[.] is the Gaussian co—errorpOInt of t.he nth symbol gndN is the ”“’T‘ber, of unique
function and is given by[3] symbols in the constellation. The expression in Equation 5

cannot be replaced by their unnormalized value since the
01 e normalization constant for the measured constellationthad

Q(x) = / \/ﬁe Ty () ideal constellation are not the same. The normalizatiotingca

‘ factor for ideal symbols is given by[7]

EV Mgrms =

Pb: ; (2)

2(1-1) [ {BIoggL] 28,

loga L L2—1| Ny

Assuming raised cosine pulses with sampling at data rate,
Equation 2 also gives the bit error rate in terms of signal to 1 T
noise ratio as Al =[5 =\/5% > (6)
T
9 (1 _ ;) whereP, is the total power of the measured constellation of
L

(4) T symbols. For RMS voltage levels of in-phase and quadrature
components}y; and Vg and forT >> N, it can be shown

B, =

)

3logs L 2F,
L2 -1 N()ZOQQM

loga L

where f,z is the signal to noise ratio for thi/-ary modula- that P, can be expressed as
tion system (as shown before) and raised cosine pulse ghapin T
at data rate. Equation 4 defines the BER performance in terms P, = Z [(Via)2+ (Von)?2] (W) . @)
on SNR. =1
IV. ERROR VECTORMAGNITUDE The normalization factor for ideal case can be directly
measured fromN unique ideal constellation points and is

Error Vector Magnitude (EVM) measurements are Oftegiven by

performed on vector signal analyzers (VSAS), real-time a
alyzers or other instruments that capture a time record and N

internally perform a Fast Fourier Transform (FFT) to enable |Ao| = \/ I . (8)
frequency domain analysis. Signals are down converteddefo > on=1 [(VIO,")Q + (VQo,n)Q]

EVM calculations are made[2]. With the insurgence of high fence Equation 5 can be further extended using normaliza-
speed communication requirements, highly efficient mlel®p o factors in Equations 6 and 8 as

ing systems like orthogonal frequency division multiptexi
(OFDM) as specified in [6] is becoming the hinge of fu- .
ture communication systems. OFDM is now being used in AT = To4 +1Qs — Qo] ?
different carrier standards in Wireless Local Area Network &V Mrus = 1 ZN [(Ion)? + (Qon)?]
(WLANSs) and also being considered as a potential fourth N m=1-0n On
generation communication system. The |IEEE802.11a-1999herel; = (V7,)|A] is the normalized in-phase voltage for
specification describes a set of different schemes that aneasured symbols anty; = (V7,,)|4o| is the normalized
used in adaptive fashion: binary phase shift keying (BPSKh-phase voltage for ideal symbols in the constellatiQpn,=

4 quadrature amplitude modulation (4-QAM), 16 quadratui@y,)|A| is the normalized quadrature voltage for measured
amplitude modulation (16-QAM), 64 quadrature amplitudsymbols andQo; = (Vg, ,) |A4o| is the normalized quadrature
modulation (64-QAM) etc. The fact that pilots and trainiritsb voltage for ideal symbols in the constellation. This is the
are always BPSK modulated, it is also possible to have matefinition which is how being used as the standard definition
than one modulation scheme within a burst[7]. This require$ the EVM in IEEE802.11a — 19997 [6], [5].

)
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V. RELATIONSHIP AMONG EVM, BER AND SNR In Figure 2, we note that there is a constang§9dB
From Equation 9, it is evident that EVM is essentially théifference between BPSK and 4-QAM, whereas there is a
normalized error magnitude between the measured constefi@dB and6.5dB difference between 4-QAM and 16-QAM,
tion and the ideal constellation. For Gaussian noise mod@ﬂOI 16-QAM and 64-QAM.
Equation 9 can be simplified in terms of noise in-phase

componenty; , and quadrature componenmty, ; as Bit Error Rate Vs Signal to Noise Ratio

10°

*  BPSK
+  4-QAM
T 2 2 v  16-QAM
T 21 [|"I,t| + [nq.l } » A 64-QAM
EVMRMS = 5 (10) AA BPSK(Theoritical)
P 0 4-QAM(Theoritical)
° — - — 16-QAM(Theoritical)
where P, is the power of the normalized ideal constellatiol & g L roAN(Theortica)
or the transmitted constellation. The numerator of Equatid £ \ o
sets up the normalized noise power. However, for-> N, & \7 .
the ratio of normalized noise power to the normalized pow \ \
of ideal constellation can be replaced by their unnormeliz v A
guantities, i.e. the Equation 10 rewritten as \
\v A
7 \
1 3 Ny 3 15 20 55 30
EV Mgrums =~ m = R . (11) SNRin dB
S
!n order t_o establish relationship be.tween BER and EVM, SNR Fig. 1. Stylized BER versus SNR Performance Curves
in Equation 11 can be expressed in terms of EVM as
SNR ~ EV1M2 (12) 1 Bit Error Rate Vs Error‘Vector Mag‘nitude(rms) ‘
* BPSK
Combining Equations 12 and 4, we can now relate the bit er . ; ‘l‘;‘_?éz"M
rate directly with the error vector magnitude as follows Yl A a-dam
BPSK(Theoritical)
L 102 4-QAM(Theoritical)
— = — - — 16-QAM(Theoritical)
Py ~ M 3loga L 2 ., (13) £ ~ — — 4-QAM(Theoritical),
loga L L2 — 1] EVM3y\slogaM 5 107 -
& &
VI. SIMULATIONS S :
Few simulations have been carried out to illustrate tt | !
relation established in Equation 13. The bits are gray cod ) . y
and thenM-ary modulated, wher@/ = 2 for BPSK, M =4 107 /
for 4-QAM, M = 16 for 16-QAM andM = 64 for 64-QAM. 7 y/
Monte Carlo Simulation techniques are carried out udiofy 10;630 e = s 5 - o
packets, each with the size ©624 bits. The channel model Error Vector Magnitude(rms) in dB
used is Gaussian noise model. The normalization factots wil
be equal as shown in Equation IV sinteé24 >> M for any Fig. 2. Stylized BER versus EVM Performance Curves

M-ary modulation scheme. The simulation results for BPSK,
4-QAM, 16-QAM and 64-QAM are presented in figures 1, 2
and 3, respectively.

Figure 1 shows the BER versus SNR performance of Extended relationships among the bit error rate, signal to
different modulation systems. Note that due to the relatigm noise ration and error vector magnitude are shown in this
set up between BER and EVM in Equation 13, the BER verspaper. Due to normalization, the EVM is the same for a given
EVM curve shown in Figure. 2 shows the inverse relationshifNR, and they maintain an inverse relationships between.the
that exists between BER and EVM (with power term in logince error vector magnitude can be directly measured from
scale shown). the down converted signals using vector signal analyzérs, i

In order to also establish the fact that the normalized EVERN save the extra calculations that may be required to find ou
is same for all modulation schemes, we have also carried d bit error rates, which is more of a end to end comparison.
another simulation as shown in Figure 3. Due to normaligatioln many adaptive systems, this can also simplify the cost
the power levels for all different/-ary modulations are samefunction calculation greatly. However, for large streamrs o
and hence shows a one-to-one relationship between them.packets the EVM calculation may be expensive. Effect of

VIl. CONCLUSIONS

410



Error Vector Magnitude(rms) Vs Signal to Noise Ratio
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Fig. 3. Stylized EVM versus BER Performance Curves

different fading environments, effect of using EVM-adaeti
M-ary modulation systems instead of BER-adaptive systems
are now being considered as an extension of the work.
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