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In 3G/WCDMA mobile
handsets, the direct
conversion receiver

(DCR) architecture is
commonly used due to its
simplicity and low cost,
where interstage filters
are completely eliminat-
ed. However, with less fil-

tering, the linearity requirement for a direct
conversion receiver is very critical. It is essen-
tial to define system linearity requirements
properly for the receiver to meet the perfor-
mance requirements.

In FDD mode, the transmitter and receiver
are continuously working at the same time,
and the transmitted signal leaks into the
receiver due to the limited TX-to-RX isolation
of the duplexer. The transmitter is possibly the
strongest interferer for the companion receiver
in the handset, and poses the most stringent
linearity requirement for the receiver.

I. 3GPP Test Cases
A number of test cases are specified in

3GPP for a WCDMA receiver, and each test
case has different test conditions. Therefore
nonlinearity performance requirements are
needed of the receiver in each case. The relat-
ed test cases are summarized in Tables A-F
and used throughout the following discussion.

These test cases require the receiver to
meet certain BER performance with these
defined interferers. For RF system design, the
requirements have to be interpreted into RF
parameters such as noise figure (NF), com-
pression point (P1dB), second order intercept
point (IP2), third order intercept point (IP3),
and so forth.

II. Second Order Nonlinearity
The second order nonlinearity of the

receiver will square the modulated blocker
signal, such as the TX leakage signal, produc-
ing DC and low frequency components which
fall into the receive band of the direct conver-
sion receiver. The AM (amplitude modulated)
signal is demodulated into the RX channel
with twice bandwidth of the original interfer-
ers. Moreover, a strong blocking signal will
also intermodulate due to second order non-
linearity with the TX leakage signal to create
a TX image which can fall into the band.

Mathematic Formula of IIP2
In general, the output signal of a nonlinear

system can be described as follows:

Vo = a1Vi + a2Vi
2 + a3Vi

3 + ...

where Vo is the output voltage and Vi is the

Here is a thorough 
summary of linearity

requirements for WCDMA
receivers, with special

attention to the way they
apply to the direct 

conversion architecture Table A  ·  Sensitivity requirement.

Table B  ·  Adjacent channel blocking.
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input voltage.
If using a traditional two tone signal as input Vi, we

have:

Vi = A · cos(ω1t) + A · cos(ω2t)

The second order component of the output is:

It shows that the second order IM2 products are cre-
ated at three frequencies: DC, f1 + f2 and f1 – f2. In terms
of power level, IM2 products are distributed against total
IM2 power as:

• 50% (–3 dB) at DC
• 25% (–6 dB) at f1 + f2 
• 25% (–6 dB) at f1 – f2

The IM2 of low frequency is considered only in this
paper since it is the one falling into band. The power level
of the IM2 product at f1 – f2 is 25% of the total IM2 power
which is 6 dB below the total IM2 power. So the power
level of IM2 at low frequency (f2 – f1) can be expressed as:

Pim2(dBm) = 2 · Pin – IIP2 – 6 dB (1)

IIP2 With WCDMA TX Uplink Leakage
If the signal is AM modulated, such as TX leakage sig-

nal, the 2 tone formula above can not be fully applied. The
difference between the formula and 2 tone signal is called
correction factor [4]. The following section derives the cor-

rection factor for a WCDMA signal using ADS simulation
(Fig. 1).

The two tone test case and the case of single tone plus
WCDMA uplink signal test case are simulated. The coef-
ficients of the second order product in the model is set to
0.1 for simplicity since only the difference between using
the two tone measurement and the TX uplink modulated
signal is needed. The two tone simulation results are
shown in Figure 2 and the simulation results with TX
uplink signal are shown in Figure 3.

With the TX uplink signal, since it is modulated, the
low frequency IM2 products are measured by integrating
the power from 1 kHz to 2.0 MHz in the frequency
domain. The difference of IM2 between the two tone and
modulated signal is 9.72 dB. The IP2 two-tone formula for
TX leakage case with correction factor is as follows:
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Figure 1  ·  Advanced Design System (ADS) bench for
IP2 simulation.

Table C  ·  Intermodulation (wideband and narrow-
band).

Table D  ·  Out of band blocker (OOB).

Table E  ·  Narrow band blocking (NBB).

Table F  ·  In band blocking (IBB).
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Pim2_txleakage = 2 · Pin – IIP2 – 15.722 dB (2)

IIP2 With In-Band Blocking
One of 3GPP test cases is adjacent blocker test, in

which the modulated downlink blocking signal is injected
into the receiver with offset frequency at ±5 MHz. By
using method similar to the one discussed above, with an
adjacent blocker signal (Test Model 1), the corrected for-
mula for IIP2 with a WCDMA downlink signal is:

Pim2_adj = 2 · P2T – IIP2 – 3.87 dB (3)

IIP2 With Out of Band Blocker (OOB)
In OOB test cases, depending on the blocker frequen-

cy, the IM2 products of the OOB blocking signal and TX
leakage signal may fall into the RX band. The power of
IM2 can be calculated using the formula in Equation 4.

Pim2_OOB = PCW + Ptx – IIP2 (4)

III. Third Order Nonlinearity
For third order nonlinearity, the 3GPP intermodula-

tion test case defines the IP3 requirements of the receiv-
er. However the blockers such as adjacent channel block-
ers, narrow band blockers, out of band blockers, etc either
leak into the RX channel, or cross-modulate, or intermod-
ulate with the TX leakage signal, the distortion products
falling into wanted channel. The receiver needs to have
good linearity performance under all blocker conditions.

IIP3 With Two Tone Test
Assuming the input signal as Vi with two tone signals,

Vi = A1 · cos(ω1t) + A2 · cos(ω2t)

The output signal y(t) can be expressed as:

y(t) = a1 · Vi(t) + a2 · Vi
2(t) + a3 · Vi

3(t)

The third order intermodulation products are:

The third order IM3 products are created at: 2f1 + f2,
2f1 – f2, 2f2 – f1 and 2f2 + f1. In a down conversion receiv-
er, only the low frequency products are interesting. The
power of IM3 at low frequency is expressed in following
classical formula:

1. IM3 at 2f2 – f1:

PIIM3(dBm) = 2 · P2 + P1 – 2 * IIP3 (5)

2. IM3 at 2f1 – f2:

PIIM3(dBm) = 2 · P1 + P2 – 2 * IIP3 (6)

If two tones are equal, the formula becomes:

PIIM3(dBm) = 3 · Pin – 2 * IIP3 (7)

IIP3 With Cross Modulation
The TX signal leakage signal can be cross modulated

by a strong blocker such as a narrow band blocker, adja-
cent channel blocker, with the cross modulated signal
falling into the receive channel.

An example is illustrated in Figures 4 and 5. Figure 4
shows the output of a nonlinear circuit with two tone sig-
nal. Replacing one tone by a TX uplink leakage signal in
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Figure 2  ·  Low frequency output of two tone simulation
for IP2.

Figure 3  ·  Low frequency output of WCDMA uplink sim-
ulation for IP2.
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Figure 5, cross modulation products are observed around
the single tone at 1.99 GHz.

For mathematical analysis, we could assume that the
signal at the LNA input comprises of two interferers
besides the wanted signal, namely a CW blocker signal
and the TX leakage signal. Note that the TX leakage sig-
nal is amplitude modulated, while the blocker is not mod-
ulated in this analysis. Assuming the input signal x(t),
with blocker and TX leakage signal then we get:

x(t) = A1 · cos(ω1t) + A2 · [1 + m(t)] · cos(ωtxt)

where m(t) is the amplitude modulation having a funda-
mental frequency at WCDMA chip rate.

When the signal inject into the non-linear RF circuit,
receiver in this case, the output signal can be expressed as
follows, considering only up to third order nonlinearity:

y(t) = a1 · x(t) + a2 · x2(t) + a3 · x3(t)
= a1A1 · cos(ω1t) + a1 · A2 · (1 + m(t)) cos(ω1t)
+ a2 · A1

2 · cos2(ω1t) + a2 · A2
2 · (1 + m(t))2 cos2(ωtxt)

+ 2a2 · (1 + m(t)) · A1 · A2
2 · cos(ω1t) · cos(ωtxt) + a3A1

3 cos3(ω1t)
+ 2a3 · A1

2 · A2 · cos2(ω1t) · cos(ωtxt)
+ a3 · A1

2 · A2 · (1 + m(t)) cos2(ω1t) · cos(ωtxt)
+ 3 · a3 · A1 · A2

2 · (1 + m(t))2 · cos(ω1t) · cos2(ωtxt)

The term 3 · a3 · A1 · A2
2 · (1 + m(t))2 · cos(ω1t) ·

cos2(ωtxt) can be further expanded to:

3/2 · a3 · A1 · A2
2 · (1 + m(t))2 · cos(ω1t)

+ 3/2 · a3 · A1 · A2
2 · (1 + m(t))2 · cos(ω1t) cos(2ωtxt)

The term 3/2 · a3 · A1 · A2
2 · (1 + m(t))2 · cos(ω1t) shows

the blocker signal being modulated by the square of the
amplitude of the TX leakage.

Cross Modulation With Adjacent Channel Blocker
The straight forward thinking is to use the IIP3 for-

mula with little modification. The quantity of the cross-

modulation product can be evaluated with the approxi-
mated formula:

Pcrossmod = Cfactor + 2PTX + Padj – 2IIP3 (8)

where Cfactor is the correction factor that takes into
account the difference between using two CW tone mea-
surement and modulated signal measurement. The cor-
rection factor has been determined by comparing the dif-
ference between two tone case and the TX leakage case in
simulation. It is found that Cfactor is around 7.4 dB. The
corrected formula for the adjacent channel blocker test
case is:

Pcrossmod_adj = 2PTX + Padj – 2IIP3 – 7.4 (9)

Cross Modulation With Narrow Band Blocker
The narrow band blocker appears at ±2.7 (2.8) MHz,

the offsets are much closer to the carrier compared the
adjacent channel blocker case. The approximate formula
is found to be:

Pcrossmod_nb = 2PTX + Pnb – 2IIP3 – 2.4 (10)

Adjacent Channel Leakage—ACLR
The receiver front end nonlinearity can create spec-

trum re-growth for an adjacent channel blocker, partially
falling into the wanted band. The approximate formula to
calculate the leakage power is reported in [3] as:

Paclr = –20.75 + 2 · (Pin – IIP3) + 1.6 · PAR (11)

where PAR is the Peak to Average ratio of the downlink
signal.

IV. System Specification
In order to determine the IP2 and IP3 requirements, it

is essential to consider all impairments including IM2,

Figure 4  ·  Two tone simulation. Figure 5  ·  One tone is replaced by TX leakage signal.



IM3 products, which must be low enough for the receiver
sensitivity degradation to be acceptable. In the following
sections, IP2 and IP3 are derived. The following analysis
are applied to Band-I typical case.

IP2 at TX Frequency Requirement at Sensitivity Level
Maximum Allowed Noise

First of all, let’s look at the maximum allowed noise
floor without any interferers. From the 3GPP specifica-
tion, the specified sensitivity is:

• Total input power: Ior = –106.7 dBm/3.84 MHz,
• Dedicated physical channel power:

DPCH_EC = Psens = –117 dBm/3.84 MHz.
• The processing gain of 12.2 kps reference channel:

Gp = 25 dB

It has been reported that the required Eb/Nt, the ratio
of signal energy bit to noise spectra density, shall be bet-
ter than 5.2 dB to guarantee the Base Band (BB) modem
can demodulate the WCDMA signal properly. In this
paper, we assume Eb/Nt as 5.2 dB and add 2.2 dB imple-
mentation margin. Therefore, the allowed total noise
power at antenna input is:

Typically some margin is needed to cover process vari-
ation for production yield. By applying 1 dB margin, the
total noise allowed at antenna connector is:

Ntmax_ant = Pn–1 = –100.4 dBm/3.84 MHz

At RFIC input, taking front end loss into account, the
maximum allowed interfere level is:

Ntmax = Ntmax_ant – Lfront = –104.2 dBm

where Lfront = 3.8 dB is assumed including switch loss
and duplexer RX insertion loss, etc.

The distortion products due to component nonlineari-
ty shall be kept below a certain level so that the receiver
sensitivity will not be degraded too much. The interferers
are not only from second and third order nonlinearity but
also from other sources, which include:

• PA noise at RX band
• RFIC phase noise at RX band
• TX leakage IIP2 
• TX leakage reciprocal mixing

Additionally, if blockers are present, other concerns
also include:

P P G
E
Nn sens p

b

t

= + − = − + + = −117 25 7 4 99 42. . dBm
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• Blocker reciprocal mixing
• Cross modulation
• Adjacent blocker—ACLR
• Front end switch IM2/IM3 products

TX Noise at RX Band
First of all, the typical performance of the PA, RFIC

and duplexer is studied in this case. Though the compo-
nents from different manufacturers could perform differ-
ently, the typical performances used in this paper are
summarized in Tables 1, 2 and 3, which are based on
major manufacturers’ datasheets.

It should be noted that for the sensitivity test case, the
transmitter output power is defined as maximum output
power, 24 dBm, at the antenna connector. In all other test
cases, the output power at the antenna connector is
defined as 20 dBm according 3GPP specifications.

The output power of the PA can be calculated by add
loss between the PA output and the antenna connector.

PAout = Pmax + FEloss + Duploss

where FEloss is the front end loss, including switch, PCB
traces and matching loss. Duploss is the duplexer TX
insertion loss.

The RFIC output power can be calculated based on
PAout and the PA gain. It is around 0.5 dBm, Prfic = 0.5
dBm, in this case.

The noise present in the RX band at the LNA input
due to PA phase noise is 

Ppa_noise = PAnoise – ISOtx–rx + 10*Log10(BW) = –118.15 dBm

where ISOtx–rx is duplexer isolation from TX to RX at RX
band, and channel bandwidth BW = 3.84 MHz.

And the TX noise at RX band due to RFIC is:

Prfic-noise = Pn_rfic + PAgain + 10*Log10(BW) – ISOtx–rx

= –120.15 dBm

Since the total noise due to TX transmitter is the
summation of both, it becomes:

TX Leakage Reciprocal Mixing 
The TX leakage power at the RFIC input is:

Pleakage = PAout – ISOtx_rx = –25.6 dBm

Assuming the phase noise of the RX LO at the TX fre-

quency is –157 dBc/Hz, then the reciprocal mixing at the
RX band is:

Ptx_reciprocal = –116.75 dBm

TX Leakage IIP2
First, let’s make an assumption that the allowed sen-

sitivity degradation as X dB, and then we will have:

Arranging the equation above and expressing the
above equation in dB, we get:

The term 

is the factor that determines how much the impairments
shall be below Ntmax. For example, if X = 0.3 dB, meaning
0.3 dB sensitivity degradation is allowed, the total
impairment power level must be 11.4 dB below the maxi-
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Table 1  ·  PA noise and gain.

Table 2  ·  Duplexer performance.

Table 3  ·  RFIC phase noise at RX band.
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mum allowed noise floor Ntmax. In general, it is good to
keep IM2 due to TX leakage between 13 to 16 dB below
Ntmax so that the IM2 product degrades the sensitivity by
only 0.1 to 0.3 dB. In this paper 16 dB is chosen for better
performance. If so, Pim2 shall be less than –120 dBm that
is 16 dB below Ntmax.

From equation (2), IIP2 at the TX frequency can be
derived as:

IIP2(dBm) = 2 · P2T(dBm) – Pim2_tx – 15.722 dB = 48 dBm

Therefore the IIP2 requirement due to TX leakage for
Band I at the RFIC input should be better than 48 dBm
at the TX frequency. With IIP2 = 48 dBm, adding all other
impairments, the overall sensitivity degradation is less
than 0.6 dB. Further improvements in the PA phase noise
and duplexer attenuation will continue to minimize the
degradation.

Adjacent Channel Blocker Case 1
The adjacent blocker appears at 5 MHz offset with a

power level of –52 dBm at antenna connector. Since the
input wanted signal is 14 dB higher than sensitivity, it is
reasonable to assume that the degradation due to the
total interferer power shall be less than 14 dB. However
in practice, margin is needed.

Note that with an adjacent channel blocker, the major
contributor of in channel distortion is from ACLR, rather
than IP2. First of all, we need to determine the power
leakage into the channel due to adjacent channel blocker,
Paclr. To minimize the impact of ACLR, in this paper, Paclr
is kept 16 dB below the wanted signal.

The allowed total noise floor Nt, is 14 dB higher than
Ntmax in this test case, therefore Nt = –90.2 dBm, The
allowed Paclr will be Paclr = Nt –16 = –106.2 dBm. From
the equation (10), IIP3 can be calculated,

We also need to check the IP3 requirements due to
Cross modulation. Based on the cross modulation formu-
la derived in previous section, equation (8), the cross-mod-
ulation product can be calculated:

Pcrossmod = 2PTX + Padj – 2IIP3 – 7.4 = –108.27 dBm

The cross modulation product with IP3 = –7.2 dB is 18
dB below the Nt, and not a problem.

Then Pim2_adj due to adjacent channel blocker can be
assumed 16 dB below the Nt as well. Then IIP2 at 5 MHz
adjacent channel, IIP2_adj is obtained:

IIP2(dBm) = –PIIM2_adj + 2 · Padj – 3.87 dB = –15 dBm

Adjacent Channel Case 2
The blocker is present at 5 MHz offset with a power

level of –25 dBm and the input wanted signal is 41 dB
higher than sensitivity. In this case, Nt = –63.2 dBm, the
allowed Paclr  is:

Paclr = Nt – 16 = –79.2 dBm.

The IIP3 and cross modulation product are calculated
below.

Pcrossmod = 2PTX + Padj – 2IIP3 – 9.67 = –110.7 dBm

Similar to the adjacent channel blocker case 1, IIP2
can be derived for the adjacent channel blocking case 2:

IIP2(dBm) = –PIIM2_adj + 2 · Padj – 3.87 dB = 12 dBm

In-Band Blocker 10 MHz and 15 MHz
The input wanted signal is 3 dB higher than sensitiv-

ity and the blocker at 10 MHz offset has a power level at
–56 dBm, and –44 dBm at 15 MHz offset. Since the offset
frequency is far from the carrier, there is no concern for
ACLR in this case.

Using equation (3), keeping the IM2 product 16 dB
below Nt, IIP2_adj at 10 MHz and 15 MHz are computed:

IIP210 MHz = –PIIM2_10 MHz + 2 · P10 MHz – 3.87 dB = –12 dBm

IIP215 MHz = –PIIM2_15 MHz + 2 · P15 MHz – 3.87 dB = 12 dBm

Intermodulation
For band I, the narrow band blocking test case does

not apply, but for other bands. It does in the wideband
intermodulation test case, one of the blocking signals is a
CW tone at –46 dBm, while another blocker is a WCDMA
modulated signal with power level of –46 dBm. The want-
ed signal is 3 dB higher than sensitivity power level.

Keeping the IM3 product 16 dB below the Nt, which is
3 dB above Ntmax, we can compute the IIP3 using equa-
tion (7).

IIP3 = 0.5 * (3 · Pin – PIIM3) = –15 dBm

Out of Band Blocker
For out of band (OOB) blocking cases, we need to con-

sider both the second order and third order distortion
from the switches that is between the duplexer and the
antenna. The switches in the front end module generate
second and third order nonlinearity components falling in
RX band as well. Bases on the manufacturer’s datasheet,
it is assumed in this paper that IM2 and IM3 of the front

IIP3 PAR dBmaclr adj= − − + ⋅ + ⋅( ) =1
2

20 75 2 1 6 6 2P P. . .

IIP3 dBmaclr adj= − − + ⋅ + ⋅( ) = −1
2

20 75 2 1 6 7 2P P PAR. . .



end switch module are:

Psw_im2 = –110 dBm
Psw_im3 = –110 dBm

With the OOB test case, not all blocker frequencies
produce distortion that falls into wanted band. For the
second order nonlinearity, we will consider:

• Fcw = Frx – Ftx
• Fcw = Frx + Ftx

For the third order nonlinearity, we will consider:

• Fcw = Frx – ∆F/2
• Fcw = Frx – 2*∆F
• Fcw = 2* Ftx + Frx
• Fcw = ∆F/2

where Fcw is the blocker frequency, Frx is the RX channel
frequency, Ftx is the TX frequency related to Frx, and ∆F
is the frequency separation between Frx and Ftx.

Frx – Ftx
The CW blocking signal is at very low frequency,

which is the separation between RX and TX frequencies.
The second order IM2 results in mixing of Ftx+ (Frx – Ftx)

= Frx.
As the CW blocker level is –15 dBm, and the duplexer

attenuation at the CW blocker frequency is around 30 dB
for Band I, we get Pcw = –45 dBm at the input of the RFIC
and the TX leakage power level Ptx = –29.6 dBm.

Using equation (4), with Pim2 16 dB below Nt, which is
3 dB above noise floor of –104.2 dBm, IIP2 is calculated as:

IIP2 = PCW + PTX – PIM2 = 38 dBm

Ftx + Frx
In this case, the OOB signal is at high frequency. The

mixing of (Ftx + Frx) – Ftx = Frx, falling in the RX band.
The blocker level is –15 dBm, and the duplexer attenua-
tion at the blocker frequency is around 30 dB for Band I
so that Pcw = –45 dBm, and Ptx = –29.6 dBm. Using equa-
tion (3), with Pim2 16 dB below Nt, we have 

IIP2 = PCW + PTX – PIM2 = 38 dBm

Frx – ∆∆F/2
The blocker power level actually varies depending on

frequency offset according the 3GPP requirements.
When Fcw is between 2050 MHz and 2075 MHz, the

blocker level is –44 dBm. As the duplexer attenuation at
blocker frequency is around 5 dB, Pcw is –49 dBm. IIP3 is

Figure 6  ·  Measured results of IIP2 at TX frequency. Figure 7  ·  Measured results of IIP3 wideband inter-
modulation.
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calculated as:

IIP3 = 0.5(2 · PCW + PTX – Pim3) = –7 dBm

When Fcw is located between 2025 to 2050 MHz, the
blocker power level is –30 dBm. Assuming duplexer atten-
uation at blocker frequency is 15 dB, Pcw is –45 dBm. IIP3
is calculated as:

IIP3 = 0.5(2 · PCW + PTX – Pim3) = –3 dBm

When Fcw is between 2015 and 2015 MHz, the blocker
power level is –15 dBm. With the duplexer attenuation at
the blocker frequency of 30 dB, Pcw is –45 dBm. IIP3 is
calculated as:

IIP3 = 0.5(2 · PCW + PTX – Pim3) = –3 dBm

Frx – 2*∆∆F 
The CW blocker frequency is located between 1730

and 1780 MHz. To allow Pim3 = –117 dBm, which is 16 dB
below the maximum allowed noise floor Nt, the blocker
power level is –15 dBm. Assuming duplexer attenuation
at the blocker frequency is 38 dB, Pcw is –54 dBm. IIP3 is
calculated as:

IIP3 = 0.5(PCW + 2PTX – Pim3) = 1 dBm

Fw = 2*Ftx + Frx
When the blocker frequency is between 5950 and 6130

MHz, the CW blocker has a level of –15 dBm. As the
duplexer attenuation at the blocker frequency is around
30 dB, Pcw is –45 dBm. With Pim3 = –117 dBm, which is 16
dB below noise floor Nt, IIP3 is calculated as:

IIP3 = 0.5(PCW + 2PTX – Pim3) = 5 dBm

Fw = ∆∆F/2 
In this case the blocker is defined as –15 dBm CW sig-

nal, and the duplexer loss at this frequency is 30 dBm.
Then Pcw is –45 dBm. Similar to the previous case, to
have Pim3 16 dB below the maximum allowed noise floor
Nt, IIP3 is calculated as:

IIP3 = 0.5(2 · PCW + PTX – PIM3) = 5 dBm

V. Measured Results
The IIP2 and IIP3 have been fully verified on a

Broadcom WCDMA transceiver IC. The results of IIP2 at
TX frequency and IIP3 wideband intermodulation are



shown in Figures 6 and 7, respectively. Both results show
that the receiver has excellent linearity.

VI. Conclusion
The system analysis of nonlinearity of a WCDMA

receiver is discussed. The formulas for IP2 and IP3 for all
test cases are presented and applied. The formulas are
useful for system analysis. The assumed margins can be
different in each test case. Also, the formulas may be
slightly different from other published results due to dif-
ferences in simulation setup.
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