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Abstract — The measurement of in-phase/quadrature (IQ)
imbalance parameters of radio frequency direct downcon- IN-PHASE
version receivers by tone test is considered. The receivef. \out
is excited by a radio frequency sinewave, and the digita|
baseband output is used as the sole basis for the determi-
nation of the 1Q imbalance parameters, which are the gai BP
imbalance, quadrature skew and local oscillator leakage.
A set of parameters is estimated from the baseband output
of the direct downconversion receiver and the required
parameters are then calculated by a transformation. The
universal software radio peripheral (USRP) is a widespread
hardware for research, education, and development regardi
future wireless communication receivers. A set of USRPs Fig. 1. Direct conversion radio receiver.
are tested. It is shown that for the receivers studied, gain
imbalance and quadrature skew may be predicted accuratel _ ) ) _
(that is, < 0.1 dB and< 1 deg, respectively) by employing p_atforr_n is the available variants of the universal sofm/qr—
baseband data covering a handful of full periods of thedio peripheral (USRP) by Ettus Research LLC, which is be-
excitation stimuli. The work also shows that local oscidlat coming common technology for research, education and de-
leakage may suffer from systematic bias error of the order ofelopment [5]; see also [6-8].
15 dB. To obtain leakage estimates with an uncertainty in the A direct conversion radio receiver is outlined in Fig. 1.

order of one dB, the measurement time has to be increaséd estimation method for receiver in-phase/quadraturg (IQ
by two orders of magnitude. imbalance parameters is presented based on the IQ imbal-

ance parameters defined in [9]. The test method is applied
Keywords: radio receiver IQ imbalance, tone test, univer-to 1Q imbalance measurements on the USRP equipped with
sal software radio peripheral (USRP). a FLEXRF1800 receiver, configured as a direct downconver-
sion receiver. The imbalance in the 1Q demodulator produces
mirror distortion and the leakage of the local oscillatdioin
1. INTRODUCTION the receiving path produces another source of distortitve. T
power spectral density of the received signal samples from
The development of contemporary and future wireless MIMGhe USRP is given in Fig. 2. The test of several units illus-
communication systems puts high demands on accurate aggétes the spread in performance between different remseive
time efficient test methods for production and product vali-and validates the specifications given by the data sheets.
dation. Reducing the time for a test is essential and the ac-
curacy of the applied method with respect to the length of
the recorded data sequence is an important figure of merit to 2. 1Q IMBALANCE
trade test time versus accuracy and precision of the tefst. Ef
cient measurement methods are also required as prerequisionsider a measurement set-up where a RF receiver is di-
for digital correction to combat impairments produced kg th rectly excited by a radio frequency sine waveFat [Hz].
analog circuitry — in line with the dirty radio frequency (RF The receiver outputs a time-domain digital baseband signal
paradigm [1]. Signal analysis and advanced methods for 1@, wheren denotes the sample instants. The absolute time
imbalance compensation are given in [2, 3]. Rapid prototypscale is given by/F; [s], whereF; [Hz] is the sampling rate
ing of new digital communication technologies is essentialof the involved analog-digital converters. The basebartd ou
and often relies on software defined radio implementationfuut z, is separated into its in-phase (I) and quadrature (Q)
An overview of signal processing challenges applying softparts, that isz, = x, +iyn wherei = /—1 is the imaginary
ware radio principles is given in [4]. A widespread hardwareunit. In this work, the receiver outpytz,} is the basis for
characterization of the receiver imbalance between thell an
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whereQ is typically displayed in degree@, = 180- Q/1t.
0 ‘ ‘ ‘ Finally, L is the quotient between the total power of the DC
ol /F | offset to the power of the sinewaves, that is,

:£§+%
Ps of + 94

(7)

whereP; is the average power of the equivalent baseband in-
put signal. In dBsl, = 10log;gL. For an ideal IQ demodu-
lator, G;; = 0 dB, Q, = O degrees, and,; = —oo dB, respec-
tively.

Power spectral density (dBc)
|
s

3. IQ IMBALANCE PARAMETERS BY
LEAST-SQUARES

0 05 1 The estimation of the require@, Q, andL from a set of
Frequency (Mhz) recorded baseband ddta,} is performed in three steps. The
first two steps correspond to the solution to a separablé leas
squares problem. First, the angular frequency of the base-
Fig. 2. Exemplary power spectral density of a USRP receiatput inthe  pand data is estimated. Second, the parameters in a vector
B?Qt%fﬁﬂ;}]"\"a':é’ Lsgol‘é"gl‘(%ég? downconverted carrierfat= 0.6 MHz mirmor s found. Then, estimates of the requi8dQ, andL are
obtained by a proper transformation.
Consider the least-squares criterion

parts are given by

N
m=gﬂn@%n+¢+g) (1) &

whereN denotes the number of complex-valued baseband

) samples, andy(n, w) is a model of the receiver response
Yn = gsin(awn+ @) (2)  as a function of the parameter values. Here the parameters
for some common gaigand initial phase. The angular fre- are gathered in a parameter vectpand a scalar parame-
quency isw, = 211 /Fs with F = . — F o being the absolute ter w, where the latter parameter is the _angular_frequency of
frequency in Hertz of the downconverted sinewave entering€ baseband representation of the excitation signal. &he r
the analog-digital converters (ADCs). The exact frequencyluired estimated parameter valugsand are given by the
values off, F.- andF,, are not required for the proposed test MNIMizing argument
method, which includes a method to estimate the normalized

and

angular frequencyy, directly from the receiver output,. n.w= argm&m/(n, ) (9)
A practicalreceiver is never ideal, and for a RF sinewave )

excitation the in-phase and quadrature branches afe de-  Consider, _ _

scribed by s(n, w) =ae“" +be'“"+c (10)
T In (10), a, b (or ratherb*, wherex denotes conjugate), and

Xn =0 Sin (wbn+ @+ —) +¢ +V, (3)  care unknown complex-valued constants gathered in the pa-

2 rameter vector

and 61

Yo = Go SIN(6bN+ Q) + Co+ V] ) 1= (t:: ) (1)

In (3)-(4), v}, andvy} are noise terms describing thermal andysinga, b, andc as parameters, the gain imbalai@én (5)

quantization noise, model imperfections, and so on. Th@nd quadrature ske@ in (6) can alternatively be written as:
noise terms are assumed jointly uncorrelated zero mean wide

sense stationary processes with equal variartce Further, |a+bj

01, go are gains@, ¢n initial phases and,, co the DC off- = la—b|

sets. These six parameters determine the characteristies o

IQ imbalance. They are all unknown and have to be estimated a+b

from the receiver outpuiz, }. Q=< {ﬂ] (13)
In [9], gain imbalance G quadrature skew QandLO

leakage Lare defined. The gain imbalan€ds the quotient ~ where Z[-] denotes the phase angle of the complex-valued
quantity within the brackets. Further, with= ¢ +icq the

(12)

G= 9 (5) LO leakage in (7) can be written as:
9Q )
| _ i "
or G = 20log(G. The quadrature skew is the phase differ- ~ |a)2+ b2

ence relativet/2, that is,
In summary, the 1Q imbalance problem has been parameter-
Q=0-m (6) ized in the complex-valued parametersh, andc, gathered
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Table 1. Data sheet values for AD8347 at 1.905 GHz.

Typ (Min/Max) o0 %
Ges 103 dB = £
Qo +1(£3) degree s S
Ls —60 dBm (at RFIP) < -
Le —42 dBm (At IMXO/QMXO) 20

0
-0.05 0 0.05 0.1 0.15 005 01 015 02 0.25

in the parameter vectay as in (11). The signal model tha Cus (dB) G (dB)
will be fitted to baseband dafay, . ..,z } is given by (10). 150 60
ConsiderN complex-valued baseband samples of the ¢ =
ceiver output and gather them in a column veetdahat is 5 100 5 40
c c
a 50 20
7= (15)
N %8 08 L 11 12 -015 -01 -005 .0 005
Ggs (dB) G (dB)

We seek the parameter valuesrpind w (denoted by and
@, respectively) that minimize the least-squares crite(&)n
Wheresﬂ(n’ w> is the model output given by (10). Lakx 3 Fig. 3. USRP results based on 1500 nonoverlapping segneats of length

matrix C(w) N = 64. Histograms of the estimaté®s. USRP #1: channel 1 (top left),
g 0 1 channel 2 (top right), USRP #2: channel 1 (down left), ch&(down right).
e

C(w) = : : : (16)
goN  grioN g dBm by a HP8656B, followed by a Mini-Circuits FK3000
i frequency doubler, Mini-Circuits SHP-900 high-pass fjlter
The least-squares problem can be solved in two steps, Whegini-Circuits attenuators (% 10 dB and 2< 5 dB), and a
in the first step the parameterthat enters the signal model zapD-30 splitter for simultaneous excitation of the two in-
C(w)n in a nonlinear fashion throug@(w) is found by a  puts of the USRP. Measured input signal level-60 dBm.
nonlinear, but one-dimensional search for the maximum ojo internal downconversion was employed in the USRP.
the condensed loss function [10] For each USRP receiver, 100 k of baseband data was col-
_.H H —1~H lected. The sampling rate of the USRP ADC&ds= 4 MHz,
V(w) =2" C(w) (C7(w) C(w)) " C"(w) = (17) followed by a digital filtering and subsampling. With the
Once the maximizew to (17) is found, the estimate of F., = 1764 MHz, we obtain normalized angular frequency
the linear parameters follows as the least-squares spltgio o = 0.15.

C(®)n =z, viz. In the experiment, the baseband output from a USRP
receiver was divided into nonoverlapping blocks of length
= (C™(w) C(a;))‘l cH@)z (18) N =64 samples. The imbalance test was employed. The re-

L R sults based on the statistics employing 1500 nonoverlgppin

Transformij to obtainG, Q andL from (12), (13), and (14), segments of data are shown in Figs. 3-5. We note that three
respectively. out of the four receivers have performance according to the

In a related context, maximization of (17) around an initialdata-sheet of the AD8347 direct conversion quadrature de-
value with the aid of the scalar bounded nonlinear functiormodulator, whereas the fourth unit has outlier performance
minimization routinefminbndprovided by Matlab was con- The estimated values for gain imbalance and quadrature skew
sidered in [11] — an approach that is employed in this workare accurate, that is, within alodB and and 1 deg, respec-
as well. Another implementation is provided by the so calledtively. The estimate of the LO leakage on the other hand has
seven-parameter fit in [12] (i.e., one may note thadndw  a broad spread, and does not provide reliable estimates of th
contain seven real-valued parameters, in total). One mey noleakage. To reduce the spread, the number of samples has to
that similar estimation problems arise for other engineeri be increased quite significantly. Other experiments, not in
applications, such as impedance measurements [13] and thkided herein, indicate that the measurement record has to b
estimation of particle size and velocity in laser anemomeincreased by two orders of magnitude to provide estimates
try [14,15]. The seven-parameter fit and the method in [14Within 1 dB. It is also indicated that for short data records
are both nonlinear least-squares types of methods requirithere is a significant bias or systematic error. For the vecsi
some interpolation or iterations to provide the requiretit es considered the bias is in order of 15 dB.
mates.

5. CONCLUSIONS
4. EXPERIMENTAL EVALUATION

We have proposed a least-squares approach to determine
The FLEXRF family of daughter-boards that are widely usedhe 1Q imbalance of a direct conversion receiver. By a
with the USRP platform is designed around the AD8347 di+teparametrization of the problem, a least-squares problem
rect conversion quadrature demodulator. Its specificaien with six real-valued parameters that enters the problem in a
garding the imbalance is given in Tab. 1. The USRP relinear fashion is obtained, with only the angular frequeafcy
ceivers were excited by B, = 8823 Mhz sinewave at 12 the carrier entering the problem in a nonlinear fashion.
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Fig. 4. USRP results based on 1500 nonoverlapping segneewts of length  Fig. 5. USRP results based on 1500 nonoverlapping segmeats, of

N = 64. Histograms of the estimat&dy. USRP #1: channel 1 (top left), length N = 64. Histograms of the estimatdds. USRP #1: channel 1

channel 2 (top right), USRP #2: channel 1 (down left), chéh(down right). (top left), channel 2 (top right), USRP #2: channel 1 (dowit) lechan-
nel2 (down right). To compare the obtained LO-leakage wmhéh the
datasheet figures provided in Tab. 1, we note that the AD83dutipower
at RFIP equal$xrp = Pre+ 13 dBm, taking the gain of the FLEXRF1800-

. . . internal MGA-82563 amplifier into account. Accordinglyetteakage reads
Experimental data from four different USRP receivers hag = —47+ Ly dBm at RFIP of the AD8377, yielding leakage values be-

been collected. It has been shown that gain imbalance anél —100 dBm at RFIP because of the enabled internal automaticieto
quadrature skew are accurately estimated by employing datalibration provided by the USRP.
only covering a handful of full periods of the carrier, which
highlights the practical relevance of the derived test meth
By examining samples of the USRP receiver, we have notl’]
gg%eﬁﬁﬁg%gﬁgﬁiﬁgfg& gesr?r;lng%nfeecgﬂlteerlls'(l)'hoebde(\a/ra\ﬁ tive radio using USRPAth IEEE International Conference on

. . - o . " Circuits and Systems for Communicatip26-28 May 2008,
ation of USRP receivers has an interest of its own owing to pp. 270-274. y ° Y
the widespread use of the USRPs for research, education, an[g] R. Dhar, G. George, A. Malani, P. Steenkiste, “Suppariim-
development. A detailed study of the derived method can be ™ tggrated MAC and PHY software development for the USRP

Zhi Yan, Zhangchao Ma, Hanwen Cao, Gang Li, Wenbo Wang,
“Spectrum sensing, access and coexistence testbed for cogn

found in [16]. SDR,” 1st IEEE Workshop on Networking Technologies for
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