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Lecture schedule

w4:
+ Le1: Introduction (Ch 1)

* Le2: Fundamentals of RF system modeling (Ch 2)
» Le3: Superheterodyne TRX design (Ch 3.1)

+ Le4: Homodyne TRX design (Ch 3.2)
+ Le5: Low-IF TRX design (Ch 3.3)
» Le6: Systematic synthesis (calculations) of RX (Ch 4)

+ Le7: Systematic synthesis (continued)
» Le8: Systematic synthesis (calculations) of TX (Ch 5)|

« Le9: Systematic synthesis (continued)
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Lab schedule

w6:
+  We: Lab1a (after Le6): 15-19 (ASGA)
* Th:Lab1b: 17-21 (SOUT)

w7:

*  We: Labic (after Le8): 15-19 (SOUT)
« Th:Lab1d: 17-21 (EGYP)

Instructions:

+ One long lab (4 x 4 h).

+ Lab manual in the Lisam Course Documents/2019/Lab folder.
+ Supervision (Ted) available at the times above.

+ To pass: complete and document the exercises in the lab manual, go
through with Ted.
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Summary of lecture 6-7: RX synthesis

» Key design parameters, RX:
« sensitivity: overall noise figure (4.2)

« intermodulation: 3rd order distortion, IP3 (4.3)
also IP2

+ single-tone desensitization (4.4, not!)

» adjacent/alternate channel selectivity: channel filter,
phase noise, (4.5)

+ interference blocking: channel filter, phase noise, (4.5)
+ dynamic range: AGC, ADC (4.6).
» System design (4.7)
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4.7.3 Performance evaluation

Line-up analysis

Dup BF'F
EARp .. po:o

For fuII -duplex

,_

+ Some specs already known:
» Duplexer/switch loss (NF)
* RF BPF loss (NF)
* IP2 of downconversion mixer
» Mixer gain, if passive
« BW of filters

Distribution of
G, NF, lIP3, (lIP2) ?
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Performance evaluation

Table 4.3 Electrical per ple of a Cellular band CDMA receiver
‘CELLULAR CDMA RECEIVER

p. 297
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Systematic Transmitter Synthesis (1)

* 5.1 Introduction

+ 5.2 Transmission power and spectrum

» 5.3 Modulation accuracy

» 5.4 Adjacent and Alternate Channel Power
* (5.5 Noise emissions)
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5.1 Introduction

« FDD/TDD.
 Direct-conversion, heterodyne.
Less filter requirements.
"Deterministic”, stronger signal.

Parameters: (maximum) output power, linearity,
EVM, ACPR, emissions (spectrum mask), power
consumption. (Noise not that important.)

* Nonlinearities mostly from the PA (last amplifier).
« Power consumption/efficiency set mostly by the PA.
* AGC/gain stepping.
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One-step (direct conversion) transmitter

Leakage of PA

LO T S
Acosw,t

o Leakage of LO™,
S '
Qo
Q
© ] HB
@ ®

Asinwt Power

control
« Up-conversion is performed in one step, fio =f.

«  Simple modulation, e.g. QPSK can be done in the same process.

« BPF suppresses harmonics.

« LO must be shielded to reduce corruption.

« land Q paths must be symmetrical and LO in quadrature, otherwise

Two-step transmitter

IF frequency

sinw1t coswit

’ coswat Power
’ control
Reconstruction filter (*)
Advantage:
+ Better IQ matching since w; is lower
» Carrier far from LO’s frequency

crosstalk (*) Wikipedia: "a reconstruction filter is used to construct a smooth analog signal from a digital
. input, as in the case of a digital to analog converter (DAC) or other sampled data output device.
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5.2 Transmission power and spectrum

+ Output power defined differently in different standards:
+ GSM, WCDMA, (LTE): at antenna port (ARP).

« other older systems (e.g. CDMA): effective
radiated power (ERP) =
(power supplied to antenna) * (antenna gain
relative to a half-wave dipole in a given direction),
gain =2.15dBi
ERP[dB] = TXpwrﬁant + Gant - 215,

« or effective isotropic radiated power (EIRP) =
(power supplied to antenna) * (antenna gain
relative to a isotropic antenna), gain = 0 dBi
EIRP[dB] = TXpwr_am + Gant.

» Usually ARP is used.
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Transmission power and spectrum

« Transmission power measured in frequency domain =
integrated power over bandwidth.

+ E.g. WCDMA, BW=3.84 MHz, (1+a) RRC, o = 0.22 =>
1.22 x 3.84 = 4.68 MHz BW for integration.

» Some standards (e.g. CDMA 1S-95): not well defined.

1.2
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Power measurements

* Power probe + instrument (or probe/USB +
computer)
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Allowed transmitted output power
p. 137
Table 3.2. Maximum output power of different system mobile stations
Power Nominal Power | Tolerance
Systems Class (dBm) (dB) Note
AMPS 111 28 -4, +2 ERP
CDMA Cell 11 23 +7 ERP
CDMA PCS 11 23 +7 EIRP
GSM 900 v 33 -2,+2 Ant. Port
GSM 1800 I 30 2,42 Ant. Port
TDMA 111 28 -4, 42 ERP
WCDMA v 21 -2,+2 Ant. Port
WLAN (802.11ac) 23 PAPR=8 => peak >30 dBm

» Terminal (mobile phone), uplink, UE (user equipment)

« Average output power.
E.g. WCDMA PAPR 4-6 => peak may be up to 29 dBm
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Allowed transmitted output power

e« LTE: Release 10 2 3GPP TS 36.104 V10.12.0 (2016-12
Table 6.2-1: Base Station rated output power
S ciass FRAT
Wide Area BS B)
Tocal Area BS <24 dBm (for one wransmit

antenna port)
< +21 dBm (for two transmit
anten
< + 18 dBm (for four transmit
antenna ports
< +15 dBm (for eight transmit
pors)

FHome BS < +20 dBm (for one transmit
antenna port)
< +17 dBm (for two transmit
antenna ports)
<+ 14dBm (for four transmit
antenna ports)
< +11dBm (for eight transmit
antenna ports)
NOTE: _There is no upper imit for the rated output power of the Wide Area
Base Station.

+ Above is for downlink BS (base station).
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5.3 Modulation accuracy (linearity) "

5.3.1 Error Vector Magnitude (EVM): the deviation of the constellation
points from their ideal positions.

a ° Sideal - Smeas = €

eldeal
o  oMeasured

° EVMRgus:

'

1 1
o el -ac, )’} z= efieceyr} [
#{ k)|

E{ atx, )12}

(5.3.11)

EVM is the main TRX linearity measure (limitation) in WLAN.
[T
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Table 6.5.2-1 EVM requirements

*« EVM measured in % or dB.

‘ Modulation scheme for PDSCH ‘ Required EVM [%] ‘
QPSK 175%
. I 16QAM I 125% |
« Typically 5-15 %, -30 — -20 dB \ ZE] \ (13 \
EVM[%] | EVM [dB] LTE rel. 10

1 40,0 Modulation Coding Rate. g.a’:..; :-;.:;:;

15 -36,5 BPSK 12 5 5

2 _340 QPsK 12 -10 -10 FOr CDMA

QapPsk. 3/4 -13 -13
25 -32,0 160AM 1”2 16 16 waveform, a
3 305 160AM 0 19 D quality factor is
640AM 23 2 2 )
35 -29.1 saaam 7 s £ defined:
a 280 640AM 5/6 28 27 1
: 2560AM 3/ N/A -30 =
: ::j 2560 56 WA = p= 2 EVM®
: WLAN 802.11ac

7 =41 (5.3.13a)

8 -21,9

9 -20,9 N

5 200 EVM2 can be considered as 1/SNR

EVM [dB] = (E [%] /100)2 in dB
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EVMgms EVMwmax

EVMs

EVM=-2528 [5]

EVM=-2550B (7]

1 & ) Al -
WZ\S.deal.l—Smeas,:\ T
EVM ey = ~—— =1 IS SRE S0
[ Smax | 13
SRR R A A B
L >k
L
3 Sideti = Smas.l? SRR EDAN
— =
EVMgys = & " e B R 2
/ ﬁ; | Sideat,i | @ ®

EVM=-266 68 [8]

EVM =258 [6]

» Same EVM (64 QAM) but
different definitions:
(a) + (c) = EVMRus,
(b) + (d) = EVMmax.

"Additional readings" folder
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Ref: Vigilante et al., IEEE Solid-State Magazine, No. 3, 2017, p. 36.
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EVM [%]
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EVM (example)

A +32.8 dBm LDMOS power amplifier for
WLAN in 65 nm CMOS technology

« WLAN CMOS PA (65 nm)

6.75

»
)

225

Pout (peak) [dBm]

Johansson et al., EuMIC 2013
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EVM degradation

5.3.2 Intersymbol interference (ISI)
5.3.3 Close-in phase noise of LO
5.3.4 Carrier leakage
5.3.5 Other factors
5.3.5.1 1Q imbalance
5.3.5.2 Nonlinearities
5.3.5.3 In-channel bandwidth noise
5.3.5.4 Reverse LO modulation (not)

Total EVM:
EVM}, = EVM}, + EVM}y, + EVM}, + EVM% + EVM?,

nonlin

++EVM?

other

++EVM?

noise
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EVM degradation

5.3.2 Intersymbol interference (ISI)
+ Non-ideal filter => distortion in delay and magnitude

+ Each pulse extends in time and spills to the time slot of other pulses.
This is called Inter Symbol Interference (ISl).

» EVM degradation from filter/ISI in TX not a major problem since no tight
filtering are used in modern designs.

» Typically contribution <5 % and also can be compensated by
predistortion.
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EVM degradation

5.3.3 Close-in phase noise of LO

+ Phase noise from VHF and UHF LO in the modulator and
up-converter in the TX.

- If the synthesizer loop bandwidth is reasonably wide:

N

phase

Noise power:  Prprase =210 1 - BW,, 15, - (53.25)
Hoen (5.3.26)
EVM Nphase = 1] Iy Nphase 2:10 B nynllv loop *

1 oo ONE
ZERO
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EVM degradation 1 EVM degradation: another view 2
-85dBc/Hz,
+ With several synthesizers: PN(i)
: EVM}, =2x Z 10 0 A, Sa0Be
EVM e = J Prphases - (53.27) -10348c/Hz
= -112dBc/Hz
+ Example (pp. 323-324): R Example: 11808z Lo.1s 140,125
» Two LOs, 1.23 MHz BW for CDMA We integrate over BW 025 s -
1.VHF, PN =-26 dBc over the BW —
2.UHF, PN = -28 dBc over the BW 0-5MHz +0.5MHz
% 8 s -2 -0
EVM e = Puphase_viie + Paphase v V10 10 +10 10 =6.4% . EVM?, =2x(250x10° x10 1 +125x10°x10 1 +62.5x10° x10 1©
94 -85
+ Adding the EVM from a low-pass filter of 5 %, the combined EVM: +31.25x10°x10 1 +15.62x10°x1010)

EVM, = \[EVM}y + EVM? ..., =0.05> +0.0647 =8.1%.

n,phase
T
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=2.34x10™
EVM ,, =1.53x107 =1.53%
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EVM degradation
5.3.4 Carrier leakage
« DC offsets in the BB | and Q channels can cause carrier
leakage (CL or CF or CFT):
a‘,(t):l(l)cos¢(l)+A1‘,( power ratio:
Cy =1010g%:201og—2f’-””’
ay(1)=0(M)sing(0) + AQ,, . e

output from modulator: [ n Csx
) ) EVM e =N107 = 13710 10

SO =a,()coswt —ay(t)sinw.t k=1

= AWy cos[o 1 + p(t)]+ A, cos(w, + AD),

8 =L 00, //

A0 =tan™ (AQ,, /AL,).

examples in the books p. 326
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EVM degradation
5.3.5.1 1Q imbalance

+ 1Q imbalance generate an é-Q
image of the transmitted signal T
+ Similar to RX

Prnage
IR =10log—*

Signal
1+2(1+8)cose +(1+9)?
1-2(1+8)cose +(1+d)*

IR =10log

d - gain imbalance
¢ - phase imbalance
IR

Ampitude Imbalance (68)

EVM}, =107

« In practice IR >-30dB — EVMir < 3.2%
see book p. 328 for details
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10" 10
Phase inbalance (Degree)
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EVM degradation

5.3.5.2 Nonlinearities

» For systems with varying modulation amplitude.

+ Mostly from PA non-linearity.

+ Amplitude probability distribution (PDF) of a modulated signal

=>PAPR
14 .
o 12 |
£ 10
E]
e 8
3
< 6
s
o 4
g
2
o i il
-25 225 -20 175 -15 -125 10 75 5 25 0 25 &
Normalized Levelin dB
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EVM degradation

+ In the book, simple model of contribution from P-148
compression: Ads = P1x - (P-1dB)out el
which leads to modulation error of e=10 * -1

EVM o = 3 p(8, (X0 -) o

- Typically 1-4 %. i

+ In reality, most of the total EVM degradation ;
may come from the PA if having high AM-AM TR
and AM-PM distortion. Can be improved with . P
digital predistortion (DPD). .

oo
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Digital predistortion (DPD)
» There are many linearization techniques, the most

popular (especially in basestations) is digital
predistortion.

>

g9(x)

VOU( f VOIJ\ j
Vin Vin
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Predistortion (DPD)

Blue = undistorted
Red = added distortion

Blue = undistorted : -
Red:resultingaﬁeradding R T S
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EVM degradation

+ 5.3.5.3 In-channel emission noise
(Leakage of carrier with no information)

N in-ch-band =TX
EVM,p =N100 © | (5.3.44)

+ May be significant at low transmit power levels
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5.3.6 Total EVM

« |f EVM contributions are uncorrelated:

EVMtulal =1 ZEVM:
k

2
= \/EVM}S, D EVM e + EVM oy + EVM 4o
i=1

(5.3.46)

(please note the inconsistent names/indices of the different
EVM contributions in the book)
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