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Abstract — This paper describes the design, implementation |
and validation of a low-cost synchronous and phaseoherent IF- )
front-end as part of a 8x8 IQ-MIMO wireless transmit system for Complex modulation
wireless applications in the 2.4-2.5 GHz ISM bandThe precision | / DAC H LPE o
IF-front-end is designed to be used as a first upenversion block 16 __
from baseband to IF (intermediate frequency). The econd up- 16 Interpolation filters ®
conversion from IF to RF is accomplished by an RFrbnt end o+
(beyond the scope of this paper). It also serves as wireless
testbed for smart antenna and MIMO transmission. Tl Ge
proposed 8-channel IF-front-end features the impownt property clock divide NCO 8
that it is possible to perfectly synchronize the ght carrier signals t —
in time, phase and frequency. Moreover, each of theight carrier DAC board 10-ch1 |-~
signals can operate at a different but fixed frequecy and I 1 ‘
different but constant phase, allowing to fix any fequency Y y !
difference (32 bit resolution) and phase difference(16 bit PLL circuit
resolution) between the 8 channels. Extreme care walso taken Clock generation boa
among the synchronization between the different chanels in the |
RF-paths of the whole system. I

Index Terms — MIMO systems, RF-design, transmitters, 10 MHz PC
wireless communication Graphical user interfac
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|. INTRODUCTION Fig. I.1. Functional block diagram of transmitter

:?:Ef fl:nct:;Jna][ ﬂ:)locl\Ij”Md(Bagtram Ot]; the p;]roposgd The IF-block is controlled by means of a graphicsér
-front-enc ot the ransmitter 15 shown Inir}terface (GUI), allowing the user to set all thgstsm

iaht Fig. l'll'dﬂ:e IF-staltge Egrg_)trms aT tgp-cor:ver;:ﬁon arameters in a user-friendly way (see Fig. 1.2).idtelligent
?Ig samrfri dQ-S|gnasl ( f Ih refsohu Ik;m) bo I- interface board receives the data from the GUIsamdls them
requency. 1he _ata samples of t € €9 t ase Q to the hardware boards. Data from the boards id byathe
signals are first interpolated by an interpolatititer, then interface and written to the GUI for further mangtion. The

complex. moduIaFed n QAM  (quadrature amp“tUd%icrocontroller board is build around the PIC18LB@5
modulation) to an intermediate frequency (IF) aedtgo two microcontroller from Microchip [3]

digital-to-analog converters as two complex QAM nsilg.

Finally, the analog outputs of the DACs are sertdiibration M
circuits allowing low pass filtering (LPF) and pison gain 1a-Channel 1 ;
calibration of the 1Q-channels (GC). Each 1Q-chdroas be horde: DudDeC v Interpol - |2 v %
fixed at any IF-frequency (32 bit resolution) amy @hase (16 'I“E“’I"gﬁfﬁ”ﬁmg “‘”DEZZ’””?:ZE Y ko 8 |
i 1 H H | Full Bypass ppetLower blllcea s |
bit resolution) controlled by a numerical oscilla{BCO). The O2sCompl. O InvSinc Pe_d\
h tral clocks for the eight 1Q-ch { O Rev.BEus [ Rev Spect: | | ST
synchronous central clocks for the eig Q-c \asnate Gharnols . ChamnelB . F-Freoteney | Psw ] [o
delivered to the output DACs by the clock generatioard, a | S L I Py
carefully designed PLL-system around the Texasument's | poie ||| = den) — = |
. . [0 2's Cor (| v Sinc H

CDCM7005 clock synchronizer chip [1], [2]. Cisoe Moo B 0 LI =1 L ) 8 (X Bl B
Ofset L ) = Fine Fine: fll =i ?
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Fig. 1.2. Graphical user interface
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Il. DESCRIPTION OF THHF-FRONT-END

is a fixed relationship between the input data fiaig, at

which the input samples are read and the DAC rateaf

A. Block diagram

The IF-part of the MIMO-system is built around digh
DAC5686 integrated circuits from Texas Instrumefd$.
Fig. 1.1 shows the simplified block diagram of dDAC5686.

foATA =
If the IF-front-end is preceded by an AD-conveitock and

fdac
L

which the samples are written out :

)

the data clock (fara) is used as the sample clock, then to

] avoid aliasing the input bandwidth is restricted to

pw = /DATA _fdac @)
fdalc 2 2L
LI_I A() ﬁ_;%lom The DAC5686's mixing frequencies and phases axéfie
N | = 4410a2 chosen with the programmable NCO. The NCO prodtwes
DACA quadrature carrier signals coegiT+9.) and sinpnT+0.)
where T=1/§,. The frequencyn. and phasd. of the carrier
signals are given by

DA({B
B a4 10B1
2 A-410B2

4

__________________________________________

Fig. Il.1. Block diagram of DAC5686

The DAC5686 contains two 16-bit high-speed digital-
analog converters (DACA and DACB) with integrated 2x,

We = X wdsz;c . 0<x<232 (32bit resolutio
2 3)
6c = xﬁ ; 0<x< 216 (L6 bit resolutior)

B. Output configuration
For practical applications the DAC outputs are kxhabith

a resistive load Ras can be seen in Fig. 11.2.

8x and 16x interpolation filters, a numerically tmtled AVDD

oscillator (NCO), an on-board clock divider, and-aip R, R,

voltage reference. The two CMOS DACs at the outffitach " ! _ I0A1 v

DAC5686 have a differential output that consistsegmented I(n) S ot L Vlj\lz

arrays of NMOS current sinks, capable of sinkinfylascale DACA IOA2

output currentds up to 20 mA. Differential current switches @ I AVDD

direct the current of each current source throdutiteeone of IR, R,

the complementary output nodes (I0OA1,I0A2 for DAGAd B() ! |OB1

IOB1,I0B2 for DACB). So, the complementary output QA —> > mﬁ;:_ \\//Bl
B2

currents enable differential operation, and thusceling out
common mode noise sources (digital feed-throughchim

and PCB noise), dc offsets and even order distortio

components. The full-scale output curreatfor both DACs is
set using external bias resistors in combinatioth whe on-

adjusted from 2mA to 20maA.

= I - 1 Sm_l

DACB

10B2

Fig. 1.2. Output configuration for one 1Q-channel

. The DAC5686 can accept and process input datalin fu
chip bandgap voltage reference source (+1.2 V) @mibe pjnary or two's complement format. Let I(n), Q(ng lhe

decimal representations of the baseband |- andniplea after

The 16-bit samples DI(15:0) and DQ(15:0) of theheiginterpolation and A(n), B(n) the decimal represtiate of the

baseband | and Q signals are sent at a datapgiethrough

input samples of the DACs after complex mixing (A@),

two independent | and Q data paths consisting afr fog(n), I(n), Q(n) < 2°-1 for full binary format and < A(n),
cascaded half-band interpolation filters (FIR1, EIRFIR3, B(n), I(n), Q(n) < 21 for two’s complement format). The
F|R4) This interpolating fIIterlng increases thé© update Comp|ementary output currents can be expressed as

rate, thereby enabling relaxed analog post-filgerimhe
interpolation factor L can be selected as 2x, 4, @ 16x.
After interpolation a complex mixing operation ierformed
followed by an optional inverse sinc filter (FIRBducing
sinx/x roll off. Finally the complex mixing signatre fed to
the digital-to-analog converters converting theitdlgmixing

IOAl=mlgg-lFs—=%

()

; 10A2=(1- m)||:s+||:s

216

IOBl=mlgg-lEs——= () ; 10B2=(Q1-m)lgs+Ips——= ()
216 216

4

signals to analog signals at a DAC ratg (generated by the where m=1 for full binary mode and m=1/2 for two’s

clock generation board). Depending on
interpolation factor L the DAC-clocks are interyadlivided to
the appropriate clock signals for the interpolafiitters. There

the selecte@mplement mode.
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C. Modes of operation By substituting (8),(9) in (4) we obtain similarpeessions as

For each 1Q-channel the IF-front-end provides thneeles I single-sideband mode for the outputg, nd Vg in Fig.
of operation selectable by the user via the GUial¢hannel l.2.
mode, single-sideband mode and quadrature modulatome. D. Lowpass filtering and precision gain calibration

In dual-channel mode there is no complex mixing (NCOs One of the complementary outputs of each DAC i tea
off), so this mode can be used as a test mode Her f

. S ) owpass filtering and gain calibration circuit dsistrated in
interpolation filtering and the DA-conversion. P 9 9

Single-sideband mode provides an alternative interface toFlg. [1.3 for one channel. The calibration circudse built

analog quadrature RF-modulators allowing, after Rf- :L%wsdsgjrlrlé(ilifri?l:gt];[:)ar:sT;:rjgi?gjtamp“ﬂers PFig. 114
mixing, an upper (USB) or lower (LSB) single-sideld RF- '

signal (which will be the case in our whole MIMO- V35
transmitter). In single-sideband mode the DAC5686gms -—------- !
two complex QAM modulations, forming a Hilbert pair 50
according to

C 100nF Ry 560 'F

R'TT“}

50 f& -
J OA R3 360

A(n)=C+ Re{(l'(n) x jQ'(n))ej(anT+eC)}
=C+I'(n)cosfocnT +6¢c) F Q'(n)sin(weh T +6¢)

where C=2°, I'(n)=I(n)-2"°, Q'(n)=Q(n)-2° for full binary

format and C=0, I'(n)=I(n), Q’(n)=Q(n) for two’s caplement

format. The sign of the quadrature term in A(n) #melsign of

B(n) can be selected by the user via the GUI. Bysstuting

(5) in (4) for full binary (m=1) and two’s complimeformat

(m=1/2) and taking into account that for exampjg=2AVDD-

RLIOAL, the output signals M,Va>,Ve1 and Vg, in Fig. 11.2 1.00-]
can be calculated. They are given by : 1 Vo

00—

B() = C:Im| (1) +1Q'()e/ 6T+ | C 1000F Ry 560
=Cx(Q'(n)cosenT +6¢) + I'(n)sin(wenT +6¢)) @ R e B %7
©®) 1K T0B R3 360
.

Fig. 11.3. Lowpass filtering and gain calibratioimcuit

Output

Va1=Vpc+ a[l'(n) coscnT +0¢) F Q'(n)sin(wenT + GC)]

Va2 =Vpc —al'(n)cosgoenT +6¢) F Q (N)sin(enT +6¢)] 1,00 Vop

VR1 = Vpc *a[Q'(n) coseenT +6¢) + I'(n) sin(en T +6¢)] ] VauVer

VB2 = Vpc Fa[Q (n)cosenT +6¢) + I'(n)sin(@enT +6¢))] e ' 1 o0 T' doow 300

®) ;’/

\l/)vyt.ere the DC-componentp¥ and the gain factox are given i VouVes

Vpc =AvpD -RLIFS o RLIES @
2 216 -15.00

In quadrature modulation mode, DACA is switched off 20

and DACB presents one of the two complex QAM &
modulations according to :

B(n) =C+Rd (I'(n) + jQ'(n))el @ T+6c) |

0.0

: -100.00 VOA’VOB/\
®)

=C+1I'(n)cos@cnT +86¢) — Q'(n)sin(@enT +86¢) e 10.001 106,60 700w 1o.00m 100,008 1.00G

Freguency (Hz)

[deg]

Fh.

or

B(n) = C+Im| (I'(n) + jQ"(n)) el (@cNT+6¢c) |

Fig. Il.4. Time domain and frequency domain analys

J (9)  The sources ) and \; represent the output signals of the
=C+ Q' (n)cosenT+06¢) + I'(n)sin(wenT +86¢) DAC:s if they are not loaded with the calibratiorcait (open-
terminal Thevenin voltages). They were calculatedection

I1.C ((6). R. (5002) represents the Thevenin impedance as seen
from the calibration circuits into the DACs. The DAutput
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signals are AC-coupled, canceling out the DC-compts1 samples (n),Q'(n) of each IQ-channel i with their analog
The amplifier circuit has a 3-dB bandwidth of appnaately counterparts;(t),Q;’(t) (similar expressions can be obtained
70 MHz and a gain G (controlled with the potentibene P1) for QAM mode). If the system accepts and processgs in
between 0 and 1 for input signals withtb8ource impedance two’s complement format the two outputs of any li@g4nel
(between 0 and 2 for input signals with zero sourege given by

impedance). Fig. 1.4 shows a time domain analfgia 502-

1V/IMHz  input  signal  (potentiometers  set  toVgAa j :Ai[Ii(t)cos@cC’iHeiFQi (t)sin(wg it +6; )] ©)
aa=50%p5=25%) and a frequency domain analysis betwe - 1A . il ; . .

1kHz and 200MHz for a 80-1V input signal (potentiometerse\?OB’I =i [Q' (tycostt+6i) +1i (t)sin(et + 6 )]

set tooa=0g=100%
ATTe ) oc; and; are the carrier frequency and phase of chanmél i.

ll. CALIBRATION AND APPLICATIONS and B are the gains and can be written as the produet of

i (0g.) and - . Ga)
In Fig. Ill.1 a photograph of the realized IF-bIockCoarse gais, (o) and a precision gainG(Gs,)

illustrates our realization. The different parte aecognized :
the power block, microcontroller circuit, clock geation
board, DAC boards and gain calibration circuit. i =(RLIESA] )1246ag i = (RLIFSA )/216

Aj=Gpjiaai ; Bj=Gpijapj
(10)

where Esaj and ksg; are the full scale currents of DACA and
bwer block DACSB for channel i. The sign of the sine term ignVand the
sign of V,g; are chosen by setting the reverse spectrum bit
(Rev. Spectr.) and the Upper/Lower SSB-bit in thdl .Gf the
processing of the discrete samples is done irbfoliry format

ain control we have the same expression except tf@tand Qt) in (9)

are replaced with (1)-2"°) and (Q(t)-2'%) respectively. The
frequency (32-bit resolution) and phase (16-bibhason) of

any channel i are given by :

Microcontroller

Clock generation

DAC boards
0<wgj < x%: . 0<x<2%2 (32bit resolution)
2 (12)
0<6j < xi5 ; 0<x< 216 (L6 bit resolutior)
Fig. ll.1. Photograph of the realized IF-block 21

For calibration purposes, a coarse gaig (og;) for each
Fig. 1ll.2 gives a simple block model for the IFefit-end. channel can be set by setting the full scale ctsriggbetween
Since the output samples of the DACs are conventéml 0 and 20mA via the GUI. The step size equals 20BIAA
analog signals (by the lowpass and the gain caidra fine gain calibration for each channel can be olgtiwith the
circuits) and the DC-components are cancelled byttle precision gain calibration circuits (0sG Gg<1).
input capacitors of the calibration circuits), wancobtain If the input samples of any channel are held conigtzen
general expressions for the two output signals athelQ- the system can be used as a precision multi-chammiephase
channel i (i=0,1,...,7) as a function of the discrét@ut generator with programmable amplitude, frequenay pimase
samples ((n),Q(n)), the parameter settings (via the GUI) ansettings. When used as the IF-part of a complet& @4l

the gain calibration. transmitter with RF-front-end, holding the inpunhgdes at a
constant level allows the user to do a precisidibiedion of
lo() i Channel 0 [} — Voao the complete MIMO-system as described above, tlyereb
Qo) ! v ! — Vero compensating for amplitude and phase mismatchéseifiRF-
I(n —— V. paths of the whole transmitter.
Qigng ;It Channel i I> —v:;\: Many other applications are possible such as beam
' : | forming, transmit diversity, spatial multiplexing né
170N) —9 channel 7 [} :V°A~7 synchronous multi-carrier generation. Transmit diitg and
Q) Vos. spatial multiplexing require synchronous carriegnsils with
Gain same carrier frequenay. whereas beamforming requires, in
Gul control addition, a fixed phase differencAd between adjacent
channels, i.e.

Fig. ll.2. Simplified model of IF-front-end wej = e O ei - 90 +(i AG)

Using (6),(7) the output signals of any IQ-chaniel Where®, is the phase of the reference channel (channel 0).
single-sideband mode are obtained by replacingdtkerete Multi-carrier generation on the other hand requires
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synchronous carrier signals with the same phasewitht a
fixed frequency difference between them :
Wej =g Hidwe Ui 5 6 =60

V. CONTRIBUTIONS

We want to thank some colleagues for the contriimstithey
made during the design and development of the exbolF-

wherea, is the frequency of the reference channel (chandént-end. An important part of the whole system tiee
0) and Ao, the frequency difference between adjaceff@phical user interface (although not explaineddétail in

channels. Our system was specifically designed exdopm
beam forming, transmit diversity, spatial multiglex, as well
as multi-carrier generation. For each applicatiothe
parameters are set in a user-friendly way via tbé G

In the near future the proposed IF-block will beeexied
with an improved RF-board containing 8 RF QAM madots
as a second up-conversion from IF to RF as showhign

I11.3. The IF-block will then be used as the cehtrzil]

programmable and calibration part of a completeNRMO
transmitter for wireless applications in the 2.8-%Hz ISM
band. In single sideband mode our IF-block canefach 1Q-
channel generate two output signals that form el pair.
Using these two signals as the input signals ofRReQAM
modulators results in an upper or lower single Isiahe signal
in the RF domain without mirror components, thuthaut the
need for supplementary rejection filters (as isdase in most
double up-conversion systems).

Vg
lo(n) 2] e j
) ,£ CharlmeIO [} VoB.O: (8_.
1(n) _e : o j
Q4(n) 71_ Charlmell . I} Vog.i : (@‘
| | | V : !
l(n) | g '
Q,(n) 2 Channel 7 [} Vop? : (8—
Gain E ______
GUI control
. — Y, RF-module
ook (2.1-2.5GHz)

Fig. 1l.3 RF-MIMO-transmitter

IV. MEASUREMENTS

Some oscilloscope images of measurements on theﬁ'ﬁ”

front-end are shown in Fig. IV.1. The figure illteges some
steps in the phase matching calibration of twoeddit 1Q-
channels: before (a), during (b) and after phasemiray (c)

@

before phase matching during phase matching after phase matching

(b) (©

Fig. IV.1. Phase matching calibration

this paper). Here we want to thank F. De Pauw, &stéckt,
and H. Ameel for their very useful advice, helpstand tricks
concerning the software development of the graphisar
interface. Their experience with writing softwace GUIs was
a great help.
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