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Introduction

The LMS7002M is adftware defined radio transceiviettegrated circuitadio systenwhich

can be divided inta numberof simple sectionsas shown irFigurel. Thephase locked loop
synthesizer (PLLpenerates the frequency to be modulated or demodulated in the transmitter
(TX) andreceiver(RX) respectively The transmitter and receiver can be subdivided into RF,
baseband (BB) andigital signal processing blocks (RSP/TSRJeasurementsf the TX/RX
synthesizer performanege presented iG@hapter2. Measuremergof transmitterand receiver
performanceare presented i€hapter3 and Chapter4 respectively Loop back paths exist
between thdransmitterand receiverat RF,analogbaseband and digitédlasebando allow
calibration andesting. Measurements of thedpbackperformancere presented iG@hapter

5. The LMS7002M can be operated in eitlsmgle input single outputS{SO or multiple
input multiple output MIMO) configurations.Miscellaneous measuremenssich aspower
dissipationand LDO noise, can be foumid Chapter 6

Rx PLL Tx PLL

—M Rx1RF Rx 1BB Séé — — F?;é Tx 1BB TX1RF |—

—¥ Rx2RF Rx 2 BB géé N — ;gg Tx 2 BB TX2RF |—

Figurel. Simplified block diagram of the LMS7002MIMO Software defined radio transceiver chip.

In all the measurements the LMS7002M Evaluation board (LMS7002EVB) was used,
togethemith the Graphical User Interface (GUI) software called LMS7002M Control.



PLL SynthesizerMeasurements

The FhaselLockedLoop (PLL)Synthesizeplays a major role in determining a number of key
performance parameters of a radio, suchEaor Vector Magnitude EVM) and RX
sensitivity in the presence abntinuous waveGW) blockers etc. A good PLL will aer a
wide range of frequencies ahdve low integrated phase noise, low far out phase ,reniske
low spurs. In these measurements we show the LM37092ble tofulfil these demanding
requirements.

A block diagram of the. MS7002M synthesizer is show iRigure 2 and consists of voltage
controlled ocillators (VCOs), programmableutput (eedforward divider, programmable
feedback diider (/N), delta sigmamodulator(DSM), phase frequency detector (PFD), charge
pump (GHP) and lock detectors and reference buffers. The GUI is used to set up gazh of
blocks for the required operation.

This section describes measured performance of the LMS7002M inclucéngehcy
coverage in SectioB.1, phase noise in Sectidh2, and spurs in &tion2.3.

00
Output —, [

Divider 90°

Loo
PFD CHP > Filtepr

PLLCLK I

NINT, NFRAC :

Figure2. Block diagram of PLL



2.1 Frequency Coverage

The VCOs and feedforwardividers determine theange of local oscillator (LO) frequencies
thatthe LMS7002M synthesizecan generate The highesLO frequency generated is limited
by the highest frequenayf VCOH. The lowest frequency generated is limited by the lowest
frequencyof VCOL andthe maximum value of feedforward divisigg4). ThethreeVCOs
provide over an octave of cawege, ensuring the frequency range is continumees the
working range The frequency ranges achievable with different VCO and feedforwardedivid
settings are shown ifablel.

Tablel. LO Frequency ranges for each VCO for different divider settings.

DIV_LOCH SX| 0 1 2 3 4 5 6
div Ratio LOCH| 1 2 4 8 16 32 64

1900 950 475 2375 | 118.75 | 59.38 | 29.69
VCOL

2611 1305.5 | 652.75 | 326.375| 163.19 | 81.59 40.80
2481 1240.5 | 620.25 | 310.125| 155.06 | 77.53 38.77
VCOM MHz
3377 1688.5 | 844.25 | 422.125| 211.06 | 105.53 | 52.77
3153 1576.5 | 788.25 | 394.125| 197.06 | 98.53 49.27

3857 1928.5 | 964.25 | 482.125| 241.06 | 120.53 | 60.27

VCOH

The DSM determines the resolution of frequencgaohrange as specified in the data sheet.

Temperature measurements were made on the TX PLL using the test configuration of Figure.
A programmable DC voltage is applied to ¥gne pin of the VCO using the internadt bus

to measure kVCOThe charge pump is disabled during kVCO measurements. The Evaluation
board is placed in an Heraeus Votsch environmental chamber so that temperature could be
varied. At each temperature, theminal oscillation frequency with (4<=0.6V is recorded

for each VCO for different CSW values. Additionally,\ is varied and the kVCO is
calculated.

Agilent PSU E3631A - -

Active Ch: SXR

Agilent MXA N9010A:
WCDMA personality

.
= R EVB7 GUI

USB

+5V Vtune +0.2 -1V

LMS7002M PLL Setup:
Tx Frequency Variable
Charge pump OFF (ON for Algorithm test)

Vtune 0.2V-1V
TxPAD Band2

DAC ON (setto DC)
Test Signal:

PLLLO
Measurementaccuracy 200 KHz

Chamber:
Chamber temperature controlled automatically
Form -50C to +120C

Heraeus Votsch VMT 04/35:
Temperature range from — 50 to 120

Figure3. Test bench for tempaturemeasurementsn the TX PLL



Table2. Summary of temperature drift of VCOs over temperature, KVCO and tuning voltage requirements.

Temp VCO CSwW fVCO fLO dfLO/dT kvCO kLO dVtune/dT
-50°C 0 3809 1904.5 105 35.2 17.6 062
90°C veoL 3788 1894 ' 34 17 '
-50°C 055 5336 2668 - 84.8 42.4 0.78
90°C 5272 2636 81.6 40.8 '
-50°C 0 5066 2533 - 45.25 22.625 Loa
90°C VeOM 5014 2507 50 25 '
-50°C 055 6921 3460.5 - 108.8 54.4 0.95
90°C 6807 3403.5 118.2 59.1 '
-50°C 0 6442 3221 20 103 51.5 057
90°C VeOH 6382 3191 105 525 '
-500C 7896 3948 177 88.5

. 255 53 0.57
90°C 7790 3895 184.5 92.25




2.2 Phase Noise Measurements

The hase noise of theLL synthesizeican be divided intdour main regionsas shown in
Figure4. The noise ireach region being dominated by different parts of the PLL sy3tben
first region is the drift region which isormally below 1kHz.The secondregion, the plateau
region, approximately covers-100kHz region. The third region the VCO/DSM regionis
where the phase noise begins to fall shagwhay from the plateau regiohe fourth region
is the far out noise which appiaxately covers 1100MHz regionwhich is very low and
largely constant with frequency

V'S
Far Out

Log Frequency

Drift Plateau

Phase Noise dBc

Figure4. Phase noise regions of a PLL synthesizer

In the first region, the drift region, the phase noise is dominated byhéiee noise of the
frequency referencémultiplied by the feedback divider value, .N)Modulations such as
OFDM inherently remove this noise through their pilot torféiace this noise does not
originate from the LMS7002Mjo measurements are made here.

In thesecond regionthe plateau region, phase noise is dominatedhleycharge pump noise
(and nase from the crystal referengt its phase noisés above aboutl45dBc/Hz). The
plateau regionphase noise is measured with the phase noise personaldySpectrum
Analyzeras shown irFigure 5 which can measure accurately down to ab@80dBc. The
LMS7002M is configured as a transmitter with a D@unfrom the MXG (a low frequency
single sideband inputould also be used) Measurements of plateau region noise are
presented ifrigure6 andFigure7 for a number of different LO frequencies for two reference
frequencysources The first reference frequencis with a Rakon 30.72MHz commercial
temperature stable crystal oscillatdiX(CO). The second is for discrete transistorery low
phase noise 50MHz crystal referendéne integrated phase noise results are givarabie3.

In thethird region,VCO/DSM regionthe phase noise is dominated by tioese of thevCO
and the DSM.For higher LO frequenciethe loop filter poles CP2 and CH8the SXT/SXR
tab of theGUI can beused to reduce the DSM noisé.may also be necessaryreducethe
charge pump current as CP2 and CP3 are incrdaaspevent noise peaking in the plateau
region

10



LMS7002M Setup:

Tx frequency Vvariable
Tx LPF BW 12 MHz
DAC’s OFF

Tx analog input Enabled
IQ imbalance Calibrated

DC/LO Leakage Calibrated

Test Signal:
cw

1Q imbalance and DC
offset calibrated using
MXG.

Agilent EXA N9010A:
N9068A Phase Noise

1Q Analog Signal

Agilent MXG N5182A:
1EL DIFF OUTPUTS
652 INT BB GEN (60Ms/s)

EVB7 GUI

EVB7: LMS7002M evaluation kit

Figure5. Test configuration for plateau region phase noise measurements

Table3. Integrated phase noise for different Synthesizer freque( (E¥SO=50MHZz)

TxLO, | PN@ 1kHz,| PN@ 10kHz,| PN@ 100kHz, PN@ 1MHz,| PN@ 10MHz,| Integrated PN,
MHz dBc dBc dBc dBc dBc deg*
2665 -87.23 -92.54 -98.28 -123.63 -136.15 0.5
2140 90.71 -92.57 -102.45 -127.67 -137.46 0.4
1000 -96.46 -99.24 -107.78 -131.17 -138.8 0.2
300 -97.88 -104.08 -113.42 -128.14 -138.57 0.13

Table 4 Typical required integrated phase noise performance for OFDM
Modulation Required Integrated Phase Application
Noise
OFDM QAM64 1° LTE, WIMAX
OFDM QAM256 0.5 CATV, DVB
OFDM QAM1024 0.25 DVB-C2

11



LMS7002M Phase Noise TVCXO = 30.72

— 2665 MHZ

— 2140 MHz

Phase Noise, dBc

1000 MHz

Frequency, MHz

Figure6. Plateau phase noise measurements for various LO frequencies with a 30.72MHz TXCO crystal
reference.

LMS7002M Phase Noise - TVCX0=50 MHz

10

-80

—— 2665 MHZ
— 2140 MHz
-110 1000 MHz

Phase Noise, dBc

—— 300 MHZ

0.001 0.0 01 1 10 100
Frequency, MHz

Figure7. Plateau phase noise measurements for various LO frequencies with a 52.00MHz dligstate
reference.

The fourth region, the far out noise, is dominated by the feedforward divider noise. Far out
phase nois@eeds to be very low to avoidding receiver sensitivity with large out of band
blockers. It is also needed to prevent lossefsitivity during FDD operation. The far out
phase noise is very low, and cannot be measured directly with the phase noise personalities of
a spectrum analyzer. A special test configuration, shoviaigure 8, is used, consisting of a
duplexing filter to prevent the LO leakage overlogdthe spectrum analyzer and a low noise
amplifier to lift thefar outphase noise above the noise floor of the spacianalyzer. The
LMS7002M is configured as\W transmitter with a DC analagput. The measured far out

12



phase noise of the LMS7002M for Band | and Band VQ®MA frequencies) is shown in
Table5. The far out noisés calculated with the following formula.

NFarOut(dBc) = NMeasuredRJBm) + LFiIterRX + LCablex' (PTxom(dBm) + LFiIterTX + LCabIeTX) - GLNARX

Where:

Nycasureariem 1S the measured transmitter noise in the RX band atthep | e x er 6.s RX
Lrrerrx 1S the loss in the duplexer filter in the ARK path.

Lcanex IS the loss in the duplexer filter in the ARKX path.

Prxouaem 1S the measured transmitter power in the TX band at the TX output of the duplexer.
Lrrerrx 1S the loss in the duplexer filter in the ARK path.

Leanerx IS the loss in the duplexer filter in the ARK path.

G, \arx IS the gain oftie external low noise amplifier in dB.

Neaouase 1S the measured transmitter far out noise in dBc.

LMS7002M Setug: Agilent MXA N9020A:
Tx frequency Band |, V N9080 LTE option

Tx LPF BW 12 MHz Duplexer: Max BW 10 MHZ_ =
DAC’s OFF Tx to Rx isolation % g

Tx analog output Enabled >55dB :
Rx port : A A &

1Q imbalance Calibrated
DC/LO leakage Calibrated

Tx port Ext. LNA 1:
Test Equipment Setup: G):in ~16dB
= Test signal 1IMHz CW NF 3.8dB
= External LNA used to push the Tx

noise above EXA noise floor
= SAWfilter used to filter TX band

5515%

50Q

Triple-Stub:
Stub Muaray
Tuner | Microwave
1878B

1Q Analog Signa

[ e - ——
EVB7: LMS7002M evaluation kit EVB7 GUI
Figure8. Test configuration for measuring far out phase of the LMS7002M.
Table5. Far Out Phase Noider Band | and Band V
Tx Freq., Cable 18 F!Iter Ext. LNA Mgasured Measured 1S quOut

Band MHz Loss. dB Output, | Insertion Loss, Gain dB Noise Freq., Noise. dBm/Hz Noise,
' dBm dB ’ MHz ’ dBc/Hz
2122 -0.3 4.88 -0.5 15.41 1932 -141.3 -160.79
| 2140 -0.3 5.1 -0.5 14.7 1950 -141.1 -160.1
2160 -0.3 4.05 -0.5 15.25 1970 -141.01 -159.51
870 -0.08 9 -1.46 15.1 820 -135.9 -158.46
1l 880 -0.08 8.9 -1.46 15.12 830 -135.4 -157.88
890 -0.08 8.6 -1.46 15 840 -136.9 -158.96
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2.3 PLL Spur Measurements

PLL Spurs arise from a number of sources. The main source is the charge pump, whose spurs
are at an offsetfrom the LO frequency related to the reference clock frequamncychange
frequency with the LO frequencyThesecond source of spurs is the DSM modulator when

the synthesizer is operating close to integer multiples of the reference obbekeanormally
controlled by the charge pump offset current in the SXT/SXR tab of the QuUeg third

source are spurs at hasmcs of the clock frequency and generally arise from PCB layout.
The fourth source of spurs arise from magnetic coupling of the TX and RX synthesizers
which only occurs in full duplex mode and are usually small if the FDD frequencies are
sufficiently apat. The testench ofFigure47 was usedor the measurements.

Spur levels from the cinge pump are shown iRigure9 to Figure12. The position of these
spurs depend on LO fragncy and reference frequencyhe amplitude of these spurs is
reduced when the feedforward dividers are engaged.

LMS7002M Spurs at 900MHz with TVXCO=30.72MHz
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Figure9. shows theamplitudeof typical charge pumppurs900MHz, RefFreq 30.72MHz

LMS7002M Spurs at 900MHz with TVXCO=52MHz
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Figure10. shows the amplitude of typical charge pump spurs 900MHz, RefFreq 52.00MHz.
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Figurell. shows the amplitude of typical charge pump sR6EOMHz, RefFre

q 30.72MHz

LMS7002M Spurs at 2650MHz with TVXCO=52MHz
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Figure1l2 shows the amplitude of typical charge pusmurs 266MHz, RefFreq 52.00MHz.

When the DSM operates close to integer, spurs fall into the pass band of the PLL loop filter,

leading to high boundary spur&oundary spr levek are shown irFigure13. The level of
the boundary spur can be reduced by optimisingciii@rge pumpoffset current in the
SXR/SXT panel of the GUI.
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Figure13. shows the amplitude of DSM boundary spurs
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VCO coupling spurs occur when the TX and RX PLL are operating at similar frequencies,
typically less than 100MHz apart. TypidaCO coupling spulevels are shown iRigure14.

It can be seen as the RX frequency is moved away from the TX frequency the amplitude of
the spur falls. With typical LTE/MCDMA duplexing frequencies the VCO coupling spur is
smaller than the charge pump spurs. When the feedforward dividers are ceribage
separation frequenay scaled by the division ratio e.qg. if the PLL is at 850MHz (Band V), the
PLL uses divide by 2, and ti®X and TX LO are 50MHz aparThis corresponds to 100MHz

in Figurel4.

LMS7002M Rx LO Spur in Tx Path
TxLO = 2649.6MHz
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Figurel14. shows the amplitudef TX and RX VCO coupling spurs at the TX output (relative to the TX output)
with varying RX frequency when TX LO=2649.6MHz
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TX Measurements

The transmitter (TX) must modulate the information to be transmitted ontoTXxhe
synthesizer output wittalmost nodegradationof the informationquality and with no
interference to users of other frequency baedpecially ahearbyfrequencies The quéty

of the information being transmitted is usually described by the error vector magnitude
(EVM). EVM includes the effect of phase noise from the synthesizer plateau region as well
as signal to noise ratio, 1Q mismatcbroup delay mismatcland nonlinedty of the
transmitter and any external power amplifieThe level of interference to users of other
frequency bands is usually described by the adjacent chamwel ratio (ACPR) whiclgives

a measure of the signal to noise gadivailable in the nexthannel. ACPR is degraded by
nonlinearityand noise from the transmittand external power amplifiendthefar out phase
noise from the synthesiserAdditionally the transmitter must maintain performance over a
range of output powers, depending ondfplication(e.g. amplitude matching of multiple
users in uginks, and maximum output power control in doumks).

A simplified block diagram ofone ofthe transmitter(TX) channes is shownin Figure 15.

The analogpart of the TX consists of grogrammable current amplifi¢lAMP) to optimally
match the input with the analdf stage. A programmable analog IF filtgiLPF), an RF
mixer, a pair of programmable RRmplifier (PAD) to vary the RF output level.The TX

digital signal processing block (TSH)cludesinversesync correction, digital filtering, dc
offset adjustment for LO leakage cancellation, interpolation for improved signaige ratio,
amplitude and phase correction for image rejection and digital upconversion. The
performancef the TSPwill be described in another test document.

The following sections descrilibe measured performance of the transmitter blo&exction
3.1describes the frequency response of the transmitter lowpass filters. Se2tiescribes

the power control of the TX. SectioBs3 and3.4 describes optimisation of the TX linearity

for optimum OIP3 and ACPR with EDMA respectively. SectioB3.5 describes how to es

the internal numerically controlled oscillator (NCO) to optimise linearity. Section 3.6 and 3.7
measure output harmonics and noise respectively. Sectiondes8ribes the EVM
performance of the TX with LTE modulation.Section 3.9 describes output powes
frequency on the evaluation board. Section 3.10 describes the TX noise leakage into the RX.
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Section 3.11 describes the peak detector performance. Section 3.12 describes the port
isolation on the evaluation board.

TX PAD

HE —> RF Output
Digital Input ——3) Tx TSP Tx DAC M IAMP Tx LPF Tx MIX
TX PAD —> RF Output

Analogue LF
Input

Figure15. Block diagram of the Transmitter.

3.1 TXLPF Measurements

All DACs producesmultiple aliases of the wanted output faéquenciesabove the Nyquist
frequency Additionally DACs producebroadbandjuantisation noiseThe transmitter low
pass filter(LPF) provides aconvenientway of reducing thesanwanted outputso prevent
interference to users of other bandsurther reduction of quantisation noise is possible by
increasing the sample rate and using the interpolatiters in the TSPwhich will be
described in another document.

The LMS7002M has d.PFin the TX whichhas two operating modes. It has a low freqyen
mode which coverdMHz to DMHz with a 4" order chebychev response, and a high
frequencymode whichcovers PMHz to 100MHz with a 2 order chebychev responséhe

low frequency mode has an additiom#-emphasis filter to further reduce transmit noise in

the receive banlly using a noise shaping scheme in basedbahe. low frequency mode is
primarily intended to be used with systems without predistortibme high frequency mode

is intended to be used with predistortion based transmitters where outputs beyond the
intended channel bandwidth are transmitted to proliltearization of anexternal power
amplifier.

The low frequency mode of the low pass filter was tested withest bench shown Figure

16, wherethe TX analognputs are driven by signal generatorMXG). A common mode
voltage is applied to the chip from the MXGhe frequency respses of the filter for a range
of bandwidthgs shown inFigurel7. When the input response is correctly shaped for the de
emphasis filter, the correct frequency rasgmcan be seen asHigurel8.

The high frequency mode of the low pass filter was telsyedgssing tre test bench shown in
Figure 19 where the TX analognputs are driven by the internal TX TSRimerically
controlled oscillatofNCO) and DAC. The frequency response tife filter for a range of
bandwidths is shown iRigure20.
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Figurel16. Test bench used to test TX LPF Low Band

Figurel17. Filter responsesf the TX LPF Low Bandncluding deemphasis pole.
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